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Abstract
Purpose Stormwater bioretention systems are widely used to
treat diffuse infiltration of runoff from paved surfaces and
roofs. Substantial questions remain about the hydraulic per-
formance and the accumulation of pollutants in systems over
the long term. Data of metal accumulation of systems with
operational times >10 years currently is limited. This study
deals with the accumulation of metals in a variety of long-
term operational bioretention systems (11–22 years) to derive
further operation recommendations for the water authorities.
Materials and methods The hydraulic conductivity of the
bioretention systems in field was measured using a double ring
infiltrometer. Media soil samples from 22 diverse designed sys-
tems were collected across the surface and at intervals up to a
depth of 65 cm to determine the spatial accumulation of Zn, Cu,
Pb andCd. Leaching experiments of selected bioretentionmedia
soils were derived to assess the metal leachability by water.
Results and discussion The hydraulic performance of most
bioretention systems still met the technical guidelines of
Germany even after long-term operation. Considerable metal
accumulation occurred in the topsoil (0–20 cm). Median con-
centrations of all metals are highest at the soil surface (0–
10 cm), decreasingwith increasing depth. High concentrations

were determined at the inflow points of the runoff waters,
whereas concentrations at more than 1.5 m distance from the
inflowwere only slightly increased compared to the initial soil
concentrations. Leachability tests have shown that most of the
metals deposited in bioretention soils are only slightly water
soluble. No concentrations exceeding the threshold values of
the German Soil Contamination Ordinance for the pathway
soil to groundwater could be determined.
Conclusions The hydraulic conductivity of the bioretention
systems is given even well after long-term operation. Most
of the metal accumulation is concentrated in the top 20 cm;
concentrations decrease rapidly and mostly reach background/
initial concentrations after depths of 30 cm. The water-soluble
metals are all below the trigger values of the German Soil Act.
This underlines the strong retention capacity of long-term
bioretention systems after long-term operational times.

Keywords 1:10 elution . Bioretention . Hydraulic
performance .Leachingpotential . Long-termoperation time .

Metal accumulation

1 Introduction

Due to rapid urbanization, sealed areas for infrastructural, res-
idential and commercial purposes are considered to increase
worldwide (García et al. 2014; Liu et al. 2014). This in turn
leads to reduced rainwater infiltration and evaporation and as a
consequence, to larger storm water volumes and runoff peaks
in urban areas (Davis et al. 2003; Fletcher et al. 2013).
Stormwater runoff often contains high levels of contaminants
from road and building materials, vehicle components and
traffic activity or dog faeces (Folkeson et al. 2009; Parker
et al. 2010). The most recognized and examined contaminants
in stormwater runoff are suspended solids, heavy metals,
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PAHs, microbial contaminants and nutrients such as nitrogen
and phosphorus (Blanchard et al. 2001; Göbel et al. 2007;
Ingvertsen et al. 2012a; Kayhanian et al. 2012; Li et al. 2014).

To reduce the increasing amount of runoff water and min-
imize the contamination of receiving water, water authorities
in many countries all over the world encourage structural
stormwater treatment techniques and processes, often as part
of their Bbest management practices (BMPs)^ (Hunt et al.
2006; Marsalek et al. 2006; Prince George’s County 2007;
Lim et al. 2015). The diffuse infiltration of runoff from sealed
surfaces or roofs into bioretention systems (also known as
bioretention cells, areas; raingardens; biofilters; bioswales) is
an important component of the BMPs practice and is common
in commercial and residential areas (Davis et al. 2006; Dietz
2007; Boivin et al. 2008; Piguet et al. 2008).

In all these systems, the soil serves as a natural filter to
reduce runoff quantity via water retention and evapotranspira-
tion and to promote pollutant retention through physical and
chemical retardation. They are often constructed as shallow
depressed sites to pool and infiltrate stormwater. The design
and construction differs widely; however, they are generally
constructed using several layers of soil media (Lundy et al.
2012; LeFevre et al. 2014). The design often includes a top soil
filter layer of 10–20 cm thickness with an adequate organic
matter content that provides precipitation water, root space
and nutrients for the vegetation and soil microorganisms which
positively supports mechanical, chemical and biological pollut-
ant retardation and removal (Davis et al. 2001; Roy-Poirier
et al. 2010; LeFevre et al. 2014). At the bottom of the system,
a high permeability layer improves the drainage of the infiltrat-
ed runoff water. Between these two layers, a layer with inter-
mediate grain sizes is commonly found which limits the migra-
tion of fine soil particles to the bottom layer (Lundy et al. 2012).

In some cases, underdrain structures are installed to melio-
rate underlying native soil with low permeability (Roy-Poirier
et al. 2010). To avoid erosion processes of the systems, they
are often covered with grass, small plants, shrubs, or trees.

It is essential for the performance of the bioretention systems
that the soils offer high infiltration rates while at the same time
providing sufficient retardation time for the runoff waters.
International guideline recommendations for the hydraulic con-
ductivity (K) of the soil vary considerably, ranging from 3.5e
−06m/s in the USA/New Zealand, to 1.4e−05 and 5.5e−05m/s
in Australia to e−04 and e−06 m/s in Austria/Germany (Le
Coustumer et al. 2009; DWA-A 138 2005). Lindsey et al.
(1992) and Le Coustumer et al. (2009, 2012) who investigated
the hydraulic performance of biofiltration systems after long-
term use, reported that after a few years of operation, more than
40 % had a lower hydraulic conductivity than that recommend
in the guidelines. Li and Davis (2008a) determined a decrease
of hydraulic conductivity of two soil filter media in column
experiments from 1.5e−02 and 2.e−02 to less than 2.8e
−05 m/s due to particle clogging.

Several studies were performed to analyse the efficiency of
pollutant reduction of bioretention systems under field and
laboratory conditions (e.g. Davis et al. 2006; Ingvertsen
et al. 2012a, 2012b; Søberg et al. 2014). In most cases,
bioretention systems reduced the mass of a variety of pollut-
ants in the outflow by a very high degree (Kabir et al. 2014).
Hunt et al. (2006) found that removal of the incoming metals
Zn and Cu was more than 98 % and for Pb approximately
80 %. Li and Davis (2009) determined median reduction rates
of between 92–99, 65–96 and 83–100 % for Zn, Cu and Pb
respectively, in two bioretention cells over a period of 15
storm events. Zhang et al. (2014) determined high removal
rates for TPHs, glyphosate, DBP, DEHP, pyrene and naphtha-
lene (>80 % load reduction) at a biofilter system in Australia.

For more than 20 years, bioretention systems (areas or
swales) have represented the state-of-the-art for the manage-
ment of surface and roof runoff for urban areas in Germany.
Nevertheless, the planning guidelines in Germany only deal
with these systems during the construction and installation
phase; substantial questions remain about the long-term per-
formance and contamination status of these systems.

The issues of particular importance are the potential for
clogging and their long-term pollutant removal capabilities
(Le Coustumer et al. 2012). Some studies can be found
concerning the accumulation of metals over operational pe-
riods from 2 to 10 years (Dietz and Clausen 2006; Achleitner
et al. 2007; Li and Davis 2008b; Jones and Davis 2013; Lucke
and Nichols 2015). To our knowledge, bioretention metal ac-
cumulation data are currently limited and only two studies
deal with the pollutant status of bioretention systems over
operational times >10 years (Ingvertsen et al. 2012a; Paus
et al. 2014). Thus, the aim of this study was to determine the
spatial accumulation and leaching potential of metals (Zn, Cu,
Pb, Cd) in a variety of long-term operational bioretention sys-
tems (11–22 years) to derive further operation recommenda-
tions for the water authorities.

2 Material and methods

2.1 Study sites

The investigated bioretention systems are located in urban
areas of different cities in Germany. The systems are
bioswales with or without underlying underdrains (Fig. 1).
The systems treat stormwater from parking lots, sidewalks,
residential roads, or roofs and are constructed according to
the technical guidelines of the German Association for
Water, Wastewater and Waste (DWA-A 138 2005). Table 1
summarizes the requirements for the construction of
bioretention swales in Germany, whereas Table 2 shows a
classified register of the systems recording the use of the sur-
rounding area, drainage area type and years of operation.
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2.2 Sampling and data analysis

Soil samples were collected from low points at the inflow zones
of each site and from a second point at 1.5 m distance from the
inflow. A stainless steel shovel was used to dig up a profile
(70 × 70 cm). The depth of the profile depended on the bioswale
base, limited by the installation of a geotextile, an underdrain or
the origin soil. Therefore, the sampling depth varied as well as
the bioretention soil thicknesses across the sampled sites. In gen-
eral, samples of depths 0–10, 10–20, 20–30 cm were collected;
for some systems as well, the soil depth was 30–65 cm.
Composite soil samples of the prescribed depths were taken to
a laboratory for chemical analysis. Before analysis, all soil sam-
ples were air dried and sieved through <2 mm.

In order to verify the influence of land use and drainage
area type on metal accumulation and distribution of the sam-
pled bioretention systems, the data were classified according
to the following runoff categories: (a) commercial, (b) main
roads, (c) roofs (=roofs with zinc gutters and downpipes), (d)
parking lots and (e) residential roads.

2.3 Measurements of hydraulic conductivities

The hydraulic conductivity of the bioretention systems in field
was determined using a double ring infiltrometer according to
DIN 19682-7 (2015)-08. In total, 48 measurements were
conducted.

2.4 S4 elution (batch S4) of system no. 9

The metal leachability by water was determined according to
DIN 38414-4 (1984). This method is well established and
widely used in Germany and other countries (Delay et al.
2007; Alvarenga et al. 2012; Kluge et al. 2014). Deionised
water was added to the soil samples with a ratio of soil to
water by 1:10. Afterward, the samples were treated in an over-
head shaker for 24 h and then filtered through 0.45 μm.

2.5 Elemental analyses

The pseudo total metal concentrations of soil samples was
determined by aqua regia digestion in closed vessels in a mi-
crowave oven (Perkin Elmer) according to DIN ISO 11466
(1997). The concentrations of Cd, Cu, Pb and Zn in the digests
were measured by ICP-MS (Varian 810/820-MS) and by
graphite tube atomic absorption spectrophotometer (Varian
SpectrAA 800Z) according to ISO 11885 (2007). All samples
were analysed in triplicates. Quality assurance procedures
were carried out to ensure reliability of the results.
Analytical grade reagents and bi-distilled water were used
during all procedures. A certified reference material was used
as the quality control sample. Limits of quantification (LOQ)
for measured metals were as follows: Pb 0.5 ppb, Cu 1 ppb,
Cd 0.2 ppb and Zn 10 ppb. The concentrations of Cd, Cu, Pb
and Zn in the soil solutions of S4 elution were measured by
ICP MS (Varian 810/820-MS). The LOQ were as follows: Pb
10 ppb, Cu 1 ppb, Cd 0.5 ppb and Zn 1 ppb.

2.6 Comparison of metal concentrations
with concentrations at the construction phase

Only limited information on the initial metal concentra-
t ions of the soi ls used in construct ion of the
bioretention systems was available. Therefore, it is dif-
ficult to determine pollutant accumulation due to runoff
infiltration. Nevertheless, in Germany, it is required to
use clean soils to build bioretention systems.

Fig. 1 Schematic diagram of a
typical German bioretention
swale without an underdrain
according to DWA-A 138 (2005)

Table 1 Requirements for the construction of bioretention swales in
Germany (DWA-A 138 2005)

Construction height 10 cm topsoil/20 cm subsoil

pH 6–8

Hydraulic conductivity (Kf) 10−4 to 10−5 m/s

Soil texture fine and medium sand
(<10 M.% clay/silt)

Organic matter (top soil) 1–3 M.%

Max. initial pollutant loads of
the built-in soils

≤Z0 soil according to LAGA (2003)
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This point is formalized in a technical regulation put for-
ward by the German Association for Water, Wastewater and
Waste (DWA-A 138 2005). The DWA requires that soils used
in the construction of bioretention systems must have lower
initial concentrations than the Z0 soil as defined by the
Working Group for Waste (LAGA 2003) as a recycling
(construction) standard.

The concentrations defined for the Z0 soil are equal to the
precautionary values for the soil texture sand prescribed by the
German Federal Soil Protection and Contamination
Ordinance (BBodSchV 1999) (see Table 3). We compared
our results to these Z0 concentrations and defined them as
maximum initial concentrations in order to have an indication
of metal accumulation by infiltrated water. Table 3 presents
the assignment criteria and the precautionary values of the
German Soil Act (BBodSchV 1999) for different soil textures.

3 Results and discussion

3.1 Hydraulic performance

The hydraulic conductivity represents a good basis for evaluating
the hydraulic performance of bioretention systems. The

DWA A-138 (2005) defines a technically infiltration rate of be-
tween 1e−03 and 1e−06 m/s. The results were differentiated by
the texture into two categories: (i) sand/loamy sand and (ii) sandy
loam/silty loam (Fig. 2). They express the main texture classes
(sand and loam/silt), which are dominant in the two regions
studied (Berlin/Brandenburg and Nord-Rhine Westfalia).

The median of the hydraulic conductivity in predominantly
sandy systems is 1.3e−04 m/s, ranging from 9.2e−04 to 5.6e
−07 m/s, at the sandy loam/silty loam systems the median
hydraulic conductivity is 1.4e−05, with a range between
7.5e−05 and 6.9e−07 m/s (Fig. 2). Thus, most of the sampled
systems correspond well with the recommended hydraulic
conductivity of the technical guidelines in Germany. Only 4
topsoils of in total 48 show lower hydraulic conductivity than
1e−6. Lindsey et al. (1992) and Le Coustumer et al. (2009,
2012), who also investigated the hydraulic performance of
biofiltration systems after long-term use, reported that more
than 40 % of the investigated systems had a lower hydraulic
conductivity than that recommend in the guidelines.

3.2 Vertical distribution of metals in bioretention soils

Metal concentrations in bioretention soils differ widely from
system to system. Figure 3 shows the total concentrations of

Table 2 Inventory of the
investigated bioretention
swales

No. Use of surrounding
area

Drainage area type Location Infiltration system Years of
operation

1 Residential Residential road; sidewalks Berlin Bioswale 19

2 Residential Residential road Berlin Bioswale 19

3 Commercial Main road Berlin Bioswale/underdrain 19

4 Residential Residential road Berlin Bioswale/underdrain 19

5 Residential Residential road; sidewalks Berlin Bioswale 19

6 Commercial Road; sidewalk Berlin Bioswale 17

7 Commercial Road; sidewalks Berlin Bioswale 15

8 Residential Main road Berlin Bioswale 18

9 Residential Roofs Dortmund Bioswale/underdrain 21

10 Residential Residential road; parking lots Dortmund Bioswale/underdrain 14

11 Commercial Roofs; parking lots;
truck manoeuvring areas

Dortmund Bioswale 22

12 Commercial Parking lots; truck
manoeuvring areas

Dortmund Bioswale 21

13 Residential Parking lots; residential road Dorsten Bioswale/underdrain 16

14 Residential Parking lots; sidewalks;
roofs residential road

Dortmund Bioswale/underdrain 16

15 Residential Parking lots Dortmund Bioswale/underdrain 19

16 Commercial Parking lots Dinslaken Bioswale/underdrain 18

17 Commercial Parking lots Dortmund Bioswale 18

18 Residential Roofs Bottrop Bioswale 18

19 Residential Roofs Bochum Bioswale 16

20 Residential Roofs; residential road Bochum Bioswale 16

21 Commercial Parking lots Leverkusen Bioswale 16

22 Commercial Roofs Leverkusen Bioswale 11
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Cd, Pb, Cu and Zn at different bioretention soil depths. The
median concentrations of all metals are highest at the soil sur-
face (0–10 cm) and decrease with increasing depth. Zn concen-
trations in the first soil layer (0–10 cm) of the bioretention
systems are the highest, with levels ranging from 2 to
1800 mg/kg, followed by Cu (5.7 to 210 mg/kg), Pb (12 to
160 mg/kg) and Cd (0.07 to 1.2 mg/kg). Highest metal concen-
trations often were found at the inflow points of the systems.
This might be a consequence of heterogeneous infiltration pat-
tern caused by rainfall events with low to medium intensity. At
these events, only small inlet parts of the bioretention systems
are flooded and led to a uniform runoff and consequently metal
distribution. Jones and Davis (2013) also found a decrease of
metal concentrations with distance from the inflow point at a
bioretention cell after a 4-year operational time.

When we compare the median concentrations with the Z0
values (maximum initial concentrations; see Table 3), the me-
dian concentrations at the topsoil increased by factor of 2.3 for
Zn, 1.3 for Cu, 1.2 for Pb and 1.1 for Cd. Higher median
concentrations than Z0 are also determined at the soil depth
10–20 cm for Cd and Zn. Relating all metal concentrations to
the precautionary values of the BBodSchV (1999), out of a
total of 119 soil samples, we determined 72 exceeding the

threshold values for Zn, 40 for Cu, 33 for Pb and 22 for Cd.
At the soil depth 20–35 cm, a sharp decrease of the median
concentrations of all metals was observed, which is to be
expected as most topsoils used as bioretention media usually
have adequate retention capacities due to filtration, precipita-
tion and sorption processes.

The determined metal capture in the top soil layers of the
bioretention systems agrees with the findings of previous lab-
oratory and field studies related to stormwater bioretention
(e.g. Davis et al. 2003; Li and Davis 2008a; Hatt et al. 2008;
Blecken et al. 2011; Ingvertsen et al. 2012b; Jones and Davis
2013; Paus et al. 2014). The finding that most of the metals are
concentrated at the top layer is also in line with other studies
related to the long-term accumulation of metals by infiltrating
runoff water, among other sources.

In a review of metal concentrations in roadside soils,
Werkenthin et al. (2014) pointed out that the concentrations de-
creased between 57 and 75 % at soil depths between 15 and
75 cm compared to topsoil concentrations. At soil depths be-
tween 10 and 30 cm, Dierkes and Geiger (1999) determined a
reduction of Cu, Pb and Zn concentrations ranging from 75 to
93 %; for Cd, the reduction was much less (30–40 %). The
sample data suggest that considerable metal accumulation has
occurred at the soil depth 0–20 cm during the long-term opera-
tion of the systems.

3.3 Influence of land use type on metal accumulation

In order to compare various drainage area types on metal
accumulation and distribution of the sampled bioretention sys-
tems, Fig. 4 shows the metal concentration in the topsoil (0–
10 cm) for the following runoff categories: (a) commercial, (b)
main roads, (c) parking lots, (d) roofs with zinc gutters and (e)
residential roads. Median Zn concentrations are significantly
higher in topsoils at systems with runoff drainage from roofs
with zinc gutters, followed by systems with runoff drainage
from main roads. Higher median concentrations of Cd and Pb
were found in systems with runoff drainage from parking lots.

Table 3 Z0 soil concentrations
(LAGA 2003) and precautionary
values of the German Soil Act
(BBodSchV 1999)

Metal Assignment criteria Pathway soil to groundwater

For construction usea Precautionary valueb Precautionary valueb Trigger valueb

Z0 soil Sand Silt/loam
mg/kg mg/kg mg/kg μg/L

Cd 0.4 0.4 1 5

Pb 40 40 70 25

Cu 20 20 40 50

Zn 60 60 150 500

Trigger values are valid for the transition area of the unsaturated to the water-saturated zone
a LAGA (2003)
b BBodSchV (1999)—Federal Soil Act and Federal Soil Protection and Contaminated Sites Ordinance
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Fig. 2 Hydraulic conductivity (m/s) of 48 bioretention systemsmeasured
by double ring infiltrometer
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Median Cu soil concentrations are more or less in the same
order of magnitude for all drainage area types. Lowest metal
concentrations are determined for the drainage area types
Bcommercial^ and Bresidential roads^. The distribution of
the metals in topsoil corresponds well with the distribution
of average metal concentrations from different runoff surface
types reported by Göbel et al. (2007).

3.4 Long-term accumulation and comparison of metal
concentrations at different time steps of two bioretention
systems

Figure 5 shows the heavy metal concentrations in soil matrix
of system no. 9 at different time steps. The coordinates, metal
soil concentrations and S4 elution concentrations of different
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soil depths were obtained from the data of a technical report of
Schöttler and Remmler (1999), for system no. 11 from a tech-
nical report by Hiller et al. (2001).

The system is located in a residential area; the catchment area
of the infiltration water is a roof; and the water passes through a
galvanized roof gutter and infiltrates directly into the adjacent
soil. The soil texture of the soil medium is silty sand.

Metal concentrations determined in the year 2014 mostly
accumulated at the upper 10 cm, rapidly decreasing to initial
concentrations with increasing depth. Compared to the initial
concentrations of the topsoil (0–10 cm) of the year 1994 at the
inflow, Pb, Cd and Zn concentrations increased by a factor of
7, 6 and 42. In contrast, the metal concentrations of the topsoil
(0–10 cm) at 1 m distance to the inflow (mixed sample 2014)
are, compared to the initial concentrations of 1994, only
slightly increased. The high Zn concentration in the inflow
point (0–10 cm) could be explained due to the corrosion of
Zn from the galvanized rain gutter. Göbel et al. (2007) pointed
out that runoff from roofs constructed with Zn gutters and
downpipes often release higher metal concentrations than
runoff from high trafficked areas. Due to corrosion by rain,
not only Zn in particular but also Cd and Cu are released to the
environment. He et al. (2001) investigated corrosion rates of
zinc roofing materials and measured decreasingmetal concen-
trations in roof runoff after initially high concentrations,
reaching more or less constant concentrations with time.

This trend is also reflected by the rapid increase of all soil
metal concentrations in the topsoil within the first 3 years of
operation, except Cu (comparison of the mixed sample 1994

to the inflow sample 1997; Fig. 4). The Cu concentrations at
the topsoil of both mixed and inflow samples of the year 2014
show a different distribution with lower concentrations com-
pared to 1994, similarly for 1997. One explanation for these
finding could be the preferred association of Cu with organic
matter, which significantly increases the leachability com-
pared to Pb and Zn and thus leads to a stronger leaching to
the subsoil. Increased Cu leaching from bioretention media
(soils) was also found by Sauvé et al. (2000), Li and Davis
(2008a), Trowsdale and Simcock (2011) and Mullane et al.
(2015). Li and Davis (2008a) observed a strong release of Cu
from their investigated bioretention media and also put this
down to a stronger association with organic matter and a high
solubility by water.

Increased leaching and displacement of Cu was also detected
in roadside soils, which is similarly characterized by high runoff
infiltration (Bäckström et al. 2004 and Kocher et al. 2005).

The Cd concentrations at the inflow of the year 1997 were
higher than those of the year 2014 at all investigated depths. A
rapid leaching and a transfer to lower soil layers might be a
reason for this, since Cd is the most mobile of the elements
analysed (Alloway 2006) and mainly occurs in a dissolved
fraction in runoff (e.g. Dierkes and Geiger 1999; Preciado
and Li 2006). Concentrations exceeding the precautionary
values of the BBodSchV were determined at the topsoil layer
(0–10 cm) for all investigatedmetals at the inflow, whereas the
concentrations at 1.5 m distance are well below the values
with the exception of Zn in the mixed sample 2014 and Cu
at all sample depths.
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Cd, Pb, Cu and Zn soil concentrations of system no. 11 are
shown in Fig. 6. The coordinates and metal soil concentrations
were obtained from a technical report by Hiller et al. (2001). The
system is located in a commercial area; the catchment area of the
infiltration water is an asphalt parking and truck-manoeuvering
area at a logistics center; and the water passes through a channel
of concrete and infiltrates into the adjacent soil. The soil texture
of the soil media ranges from silty sand at the top layer (0–
10 cm) to medium sand at the bottom layer (10–65 cm).

Compared to the raised portion of the system, at 1.5 m
distance from the inflow, infiltrating water led to a sediment
deposition of about 20 cm due to washed up and accumulated
particles. The concentrations of all metals are strongly

increased at the accumulated sediment (0 ± 20 cm) compared
to the soil metal concentration of the years 2001 and 2014.

In contrast, data of mixed samples at 1 m distance from the
inflow for the year 2014 show only a slight increase in metal
concentrations compared to the inflow samples of the year 2001,
except Zn and to a certain extent Cd. For thesemetals, decreasing
metal concentrations at the top soil (0–10 cm) could be observed.

One explanation for this finding is a slight leaching of the
initial soil metal concentrations due to long-term infiltration
over a timespan of 13 years. Dietz and Clausen (2006) also
found a decrease of metals in a bioretention system after
2 years of operation and pointed out that the investigated
bioretention soils serve as a source of metals. Our data suggest

A

B

A

B

Fig. 6 Heavy metal
concentrations in different soil
depths and sampling years (2001
and 2014) of system no. 11. Note:
Sample inflow 2001 describes the
initial concentration of the built-in
soils year 2001. A sediment
accumulation zone; B original
bioretention soil layer

Fig. 7 S4 elution concentrations
of Zn and Cu of the inflow soil
samples at different depths from
system no. 9, sampling years
1997 and 2014. Red line
represents the threshold values of
the German Soil Act for the soil to
groundwater path. Note: S4
elution data of Pb and Cd of the
year 1997 are below the detection
limit; therefore, no comparison is
shown
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that the accumulated sediment is a likely sink for the incoming
metals. The concentrations of Zn and Pb at the inflow are at
1770 and 130 mg/kg respectively, much higher than those
determined by other authors (Jones and Davis 2013; Paus
et al. 2014). Jones and Davis (2013) reported concentrations
of Pb = 64 mg/kg, Cu = 49 mg/kg and Zn = 257 mg/kg near
the inflow at a bioretention system after 4 years of operation.
Observedmean Zn and Cu concentrations of Paus et al. (2014)
at the topsoil layer of different bioretention systems after pe-
riods of operation ranging from 7 to 13 years are 2–6 times
lower than those reported by Jones and Davis (2013). The
higher concentrations could be explained by the longer oper-
ation time of the investigated bioretention systems and by the

different runoff origin. All metal concentrations at the sedi-
ment are at or above the precautionary values of the
BBodSchV (1999); all metals at the origin top layer (0–
10 cm) of the year 2014 (inflow) and at 1.5 m distance are
below the precautionary values of the BBodschV (1999), ex-
cept Pb, for which we observed a marginal exceeding of the
precautionary values at the soil depth 0–5 cm.

3.5 Batch leaching tests of the soils in long-term operating
bioretention systems

The concentrations of water-soluble heavy metals determined
by S4 elution of system no. 9 are presented exemplarily in

Table 4 Soil texture, pH, Corg and (pseudo-) total heavy metal concentrations in soil and soil solution (S4 elution) in different soil depths of different
bioretention systems, year 2014

No. depth Soil texture pH Corg Cd SP Cd S4 Cu SP Cu S4 Pb SP Pb S4 Zn SP Zn S4
cm USDA – M.% mg/kg μg/L mg/kg μg/L mg/kg μg/L mg/kg μg/L

1 0–12 Sandy loam 7.2 3.6 0.4 <0.5 72 35.3 41 <10 240 7.3

12–26 Sandy loam 6.9 1.2 0.2 <0.5 19 24.1 24 <10 65 17.8

26–44 Sandy loam 6.8 1.0 0.4 <0.5 23 18.6 39 <10 98 6.3

9 0–8 Sandy loam 6.8 5.7 0.62 <0.5 45 16.3 94 <10 1800 330

8–10 Loamy sand 6.6 4.0 0.12 <0.5 30 7.7 18 <10 290 50.7

10–20 Sand 6.9 3.5 0.06 <0.5 31 5.9 14 <10 130 16.4

20–30 Loamy sand 7.1 3.2 0.06 <0.5 29 4.6 13 <10 63 2.3

11 0–15 Silty loam 6.0 6.2 0.91 <0.5 50 25 62 <10 660 72.3

15–25 Silty loam 6.1 2.3 0.73 <0.5 21 12.7 48 <10 160 8.2

6 0–15 Sand 6.7 1.5 0.16 <0.5 21 4 35 <10 68 9

15–39 Sand 7.3 1.0 0.09 <0.5 5.4 2 11 <10 35 5

39–90 Sand 7.2 0.1 0.05 <0.5 1.4 2 2.5 <10 9.1 11

7 0–18 Loamy sand 6.2 1.5 0.15 <0.5 11 4 20 18 41 11

18–23 Sand 6.5 1.2 0.25 <0.5 13 3 47 <10 67 4

23–37 Sand 6.4 1.0 0.2 <0.5 9.8 4 36 <10 44 7

37–65 Sand 6.4 0.1 0.02 <0.5 1.6 6 2.5 <10 6.9 4

8 0–8 Sandy loam 7.0 3.1 0.21 <0.5 30 8 67 <10 120 30

8–20 Sandy loam 7.8 0.9 0.2 <0.5 29 6 75 <10 87 12

20–40 Sandy loam 7.8 0.8 0.2 <0.5 27 5 60 <10 88 5

16 0–10 Sandy loam 5.7 2.1 0.58 <0.5 9 1.8 50 <10 120 30.6

0–23 Sandy clay loam 5.6 1.3 0.59 <0.5 8.3 2.5 47 <10 69 21

23–45 Sand 5.5 1.1 0.46 <0.5 6.8 2.2 37 <10 52 9

18 0–14 Sandy loam 5.5 3.0 0.8 <0.5 19 1.8 90 <10 690 460.2

14–27 Sandy loam 6.0 2.7 1.3 <0.5 16 1.4 59 <10 290 110.8

27–44 Sandy loam 5.7 0.9 0.28 <0.5 6.9 <1 20 <10 44 9.2

90–100 Sand 6.0 0.7 0.03 <0.5 4 <1 6.2 <10 9.7 2

21 0–5 Sandy loam 5.9 4.3 0.34 <0.5 57 6.8 35 <10 350 22.3

5–30 Sandy loam 6.2 1.1 0.39 <0.5 9 1 32 <10 62 3.7

30–40 Sand 6.3 0.2 0.05 <0.5 10 <1 11 <10 34 1

20 0–9 Sandy loam 6.1 3.5 0.39 <0.5 33 5.1 34 <10 160 14.8

9–19 Sand 6.3 0.9 0.3 <0.5 23 2.9 32 <10 140 10.9

19 0–14 Silty loam 5.9 3.1 0.48 <0.5 15 2.4 46 <10 650 209.4

SP solid phase extraction with aqua regia digestion according to DIN ISO 11466 (1997), S4 soil solution concentration according to DIN 38414-4 (1984)
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Fig. 7. The results show that most of the metals deposited in
bioretention soils are only slightly water soluble. According to
the threshold values of the BBodSchV for the soil to ground-
water path, no concentrations measured exceeded the precau-
tionary value. Pb and Cd concentrations of the S4 elution were
below the detection limit; therefore, no data comparison was
possible. A comparison of the water-soluble concentrations of
the years 1997/2014 shows a strong increase in Zn and a
moderate decrease of Cu. This is in line with the finding of
increasing Zn concentrations and decreasing Cu concentra-
tions of the topsoil of system no. 9 (Fig. 4). Overall, we eluted
49 samples of 11 sample points of six different bioretention
systems in different depths with the method of 1:10 elution
(Table 4). When we compared the trigger values of the
BBodSchV (1999)—pathway soil to groundwater—for all in-
vestigated metals, no exceeding values were detectable
(Tables 3 and 4).

4 Conclusions

After long-term operation, the hydraulic performance (ksat) of
the bioretention systems is mostly given and corresponds well
with the recommended hydraulic conductivity of the technical
guidelines of Germany. Mostly, metal accumulation is con-
centrated in the top 20 cm, which is in agreement with find-
ings of other authors. In the underlying soil layers, all concen-
trations decrease rapidly and mostly reach background, i.e.
initial concentrations after depths >30 cm. However, in some
cases, we found very high metal concentration even in deeper
soil layers. Obviously, this is a result of pre-polluted built-in
substrates (anthropogenic and technical materials, diagnosed
by colour, texture, smell), which were used as construction
substrate for the bioretention systems.

However, very high metal concentrations were found at the
inflow points with runoff drainage from roofs and parking
lots. The same is true for drainage runoff from commercial
areas. This might be a consequence of heterogeneous infiltra-
tion pattern caused by rainfall events with low to medium
intensity. Then, only small inlet parts of the bioretention sys-
tems are flooded. Consequently, the following reasons for the
heterogeneous metal distributions can be pointed out: (a) first
flush effects, (b) system geometry of the bioretention system
and (c) heterogeneity of the soil hydraulics.

In order to improve bioretention systems, we suggest reg-
ularly a replacement of the accumulated sediments or soils at
the inflow points after 20–25 years as a routine maintenance.
Another possibility could be a technical optimization of the
bioretention systems leading to a more homogeneous infiltra-
tion of runoff water. Both might be an adequate solution to
avoid critical violation of thresholds in order to protect
groundwater resources.
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