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Abstract: Sustainable urban drainage systems (SuDS) such as swales are designed to collect, store and
infiltrate a large amount of surface runoff water during heavy rainfall. Stormwater is known to
transport pollutants, such as particle-bound Potential Toxic Elements (PTE), which are known to
often accumulate in the topsoil. A portable XRF instrument (pXRF) is used to provide in situ spatial
characterization of soil pollutants, specifically lead (Pb), zink (Zn) and copper (Cu). The method
uses pXRF measurements of PTE along profiles with set intervals (1 m) to cover the swale with
cross-sections, across the inlet, the deepest point and the outlet. Soil samples are collected, and the
In-Situ measurements are verified by the results from laboratory analyses. Stormwater is here shown
to be the transporting media for the pollutants, so it is of importance to investigate areas most
prone to flooding and infiltration. This quick scan method is time and cost-efficient, easy to execute
and the results are comparable to any known (inter)national threshold criteria for polluted soils.
The results are of great importance for all stakeholders in cities that are involved in climate adaptation
and implementing green infrastructure in urban areas. However, too little is still known about the
long-term functioning of the soil-based SuDS facilities.
Keywords: portable X-ray fluorescence spectrometer (pXRF); Potential Toxic Elements (PTE); lead (Pb),
zinc (Zn); copper (Cu); topsoil; sustainable urban drainage systems; SuDS; LID; BMPs; WSUD;
GI; SCMs

1. Introduction
In urban and densely populated areas, surface runoff can carry material residue produced by daily
human activity and has been identified as an important pathway for pollutants that enter receiving
water bodies [1,2]. Sustainable urban drainage systems (SuDS, also called green infrastructure (GI), best
management practices (BMP), low impact development (LID), water sensitive urban design (WSUD),
ecosystem-based adaptation (EbA), nature-based solutions (NBS) and others [3]) are constructed to
receive, store and infiltrate surface water to restore the groundwater balance and to remove pollutants,
such as lead, zinc and copper [4]. An increased pollutant load in urban stormwater degrades water
quality, therefore knowledge of the characteristics of the pollutants is needed—vital knowledge that
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consuming. Systematic, large scale investigation of environmental-technical rainwater facilities has
not been conducted due to the high cost of soil analysis. Past research indicates that contamination is
restricted to the upper 10 to 30 cm of soil [9]. In the quick scan method, a portable X-ray fluorescence
spectrometer (pXRF) measures a range of elements, including PTE. Portable XRF measurements
provide
Sci
2020, 2,an
64 established method for analyzing metals and other elements [11–16], and in cases where
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soil samples, the vegetation is removed to measure directly on the topsoil (0–3 cm). The instrument is
pointed on the topsoil and each measurement is read for 60 s.

This paper proposes a methodology for mapping PTE, including lead (Pb), zinc (Zn) and copper
(Cu), in situ in topsoil in SuDS. The study was conducted in the Netherlands where SuDS has been
used for over a decade and is part of a national study [17]. A pXRF device has been used that can give
immediate results in the field. In general, in situ analysis of the degree of pollution in the topsoil may
ensure quick follow-up actions, like soil remediation. In situ pXRF measurements provide quick and
cost-efficient analyses for PTE mapping.
The cost estimate for implementing SuDS usually includes installation but not management,
monitoring or maintenance. Therefore, the analytical results are of great importance for all stakeholders
in cities that are involved in the implementation and maintenance of green infrastructure for climate
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adaptation [18]. Since swales (Figure 1) are the most common construction built for storing stormwater
and infiltrating surface water in the Netherlands, more knowledge is needed on the long-term pollution
levels in the soil. Therefore, this field-based study in the Netherlands aims to establish a methodology
using in situ measurements by a pXRF instrument that are quick and cost-efficient.
2. Materials and Methods
The proposed approach was exploited for mapping SuDS used swales as pilot facilities (Figure 1).
In situ pXRF measurements of topsoil (0–3 cm) were performed. Soil samples were collected at the
same locality (also 0–3 cm) for lab analysis and quality control. Swales vary in shape and design from
small swales along roads in residential areas (1–2 m wide) to large swales (5–7 m wide). Figure 1
shows the principles of a swale, commonly a depression in the ground with grass vegetation, an inlet
for stormwater and outlet for surplus water. Further, swales are constructed with layers of filtrating
media according to Woods Ballard et al. [2]. The three pilot locations presented here and more than
250 other Dutch swale locations are mapped in the open source webtool www.climatescan.org [19].
In the webtool the general characteristics of the sample area, photos and description were gathered at
each location, where this research is available with description, images and videos.
This study focuses on the PTE lead (Pb), zinc (Zn) and copper (Cu) due to their prevalence in
stormwater and their toxicity at high concentrations [5]. The threshold values for these PTE in soils,
by Dutch regulations, are provided in Table 1.
Table 1. Dutch threshold values for pollutants in soil [20].
Metals

National Background
Concentration ppm (mg/kg)

Target Value ppm
(mg/kg)

Intervention Value ppm
(mg/kg)

Lead (Pb)

85

85

530

Zinc (Zn)

140

140

720

Copper (Cu)

36

36

190

2.1. Portable XRF (pXRF)
Spectrometry is a method to detect elements, first established by Goldschmidt [21]. The pXRF
instrument was originally invented in the 1970’s to locate lead-containing pipes in buildings.
Its functionality with multiple elements was further used to map lead in paint [22] and investigating
metal contamination in soil and sediments [23–25]. The instrument has further been developed and
used for mapping soil and waste contamination [11,26]. Today, one of the main uses of the pXRF
instrument is characterization of polluted soils [12,13] and other types of contamination, such as PTE
in organic matter, i.e., plants and algae [27,28].
2.2. Instrument Description
XRF (X-ray fluorescence) is a non-destructive analytical technique used to determine the elemental
composition of materials. The pXRF instrument determines the chemical composition by measuring
the fluorescent (or secondary) X-ray emitted from a sample when it is excited by a primary X-ray
source. Each of the elements present in a sample produces a set of unique characteristic fluorescent
X-rays, like a fingerprint. [29]. The analyses cover the element content from magnesium (Mg, 12) to
uranium (U, 92) in the periodic table [29,30]. The detection limit for each element varies, and the limits
for the elements in focus here are given in Table 2.
This method for in situ mapping of pollutants in the topsoil of swales was carried out with
pXRF, with focus on PTE in soil. Two instruments; Thermo ScienctificTM NitonTM XL3t GOLDD+
XRF Analyzers (#SN67136) and Thermo Scientific Niton XL3t GOLDD XRF Analyzers (#SN36372c)
were used to provide comparisons between readings and to improve quality control. The instruments
were set for soil analysis and every reading with the instruments were executed for minimum 60 s
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for reliable results [30]. The instruments were calibrated with standard reference samples [29] and
with Dutch soil standard samples. The latter are samples made from a batch of thoroughly analyzed
soil, according to the national background values (Table 1) and following the national regulations for
contaminated soil [20].
Table 2. Detection limit per element for portable XRF and ICP-MS [29,31,32].
ICP-MS ppm (mg/kg)
(Mineral Laboratories)

ICP-MS ppm (mg/kg)
(Mineral Laboratories)

1

0.1

0.5

Zinc (Zn)

4

1

1

Copper (Cu)

5

0.1

0.2

Metals

Portable XRF ppm (mg/kg)
(ThermoFisher)

(Pb)PEER REVIEW
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The swale at Limmen is located in a residential area in the northwestern part of the Netherlands
(https://climatescan.org/projects/3/detail). It is a large swale that measures approximately 70 m long
and 5 m wide (Figure 3). The swale is surrounded by local roads and provides aesthetic effect by
creating a park-like setting with grass vegetation. The swale has a clear outer rim, where the grassy
field is kept short while the central part of the swale has taller vegetation (Figure 3). The part with
tall vegetation is commonly flooded by surplus stormwater, and the deepest part is without
vegetation due to frequent water cover. This swale has a one-point inlet at the eastern side and a onepoint outlet at the western side. The measurements at the swale were conducted along four profiles
with an interval of 10 m between the profiles. The pXRF measurements were conducted from left

Netherlands (https://climatescan.org/projects/941/detail). This swale is a grassy field, approximately
40 m long and 10 m wide with residential homes along the northern side and a street at the southern
side (Figure 4). The surface water inlet is located at two points, connected to the gutter from a house
on the northern side and located at the starting point (0 m) of each profile. The outlet is at the western
point of the swale (Figure 4). Two measurement profiles, located 20 m from each other, were
Sci 2020,
2, 64
conducted
with two pXRF instruments, #SN67136 at Profile 1 and instruments #SN36372c at Profile4 of 13
2.

Figure
3. The
swale
Limmenisisapproximately
approximately 70
FourFour
profiles
with with
Figure
3. The
swale
at at
Limmen
70 m
m long
longand
and5 5mmwide.
wide.
profiles
measurements at each meter was collected with two different pXRF instruments. Two soil samples
measurements at each meter was collected with two different pXRF instruments. Two soil samples for
for ICP-MS analysis was collected at mid-point of profile 1.
ICP-MS
was
collected at mid-point of profile 1.
Sci 2020, 3,analysis
x FOR PEER
REVIEW
7 of 15

Figure
Theswale
swale at
at Almelo
is approximately
40 m long
10 m
wide.
Figure
4. 4.The
Almelomunicipality,
municipality,
is approximately
40 mand
long
and
10 Two
m wide.
measurement
profiles
with
measurements
at
each
meter
were
collected
with
pXRF
instruments
Two measurement profiles with measurements at each meter were collected with pXRF instruments
XL3#SN67136 at P1 and pXRF instruments XL3t#SN36372c at P2. A soil sample for ICP-MS analysis
XL3#SN67136 at P1 and pXRF instruments XL3t#SN36372c at P2. A soil sample for ICP-MS analysis
was collected at mid-point of Profile 2.
was collected at mid-point of Profile 2.

3. Results and Discussion
3.1. Results Heiloo
At the Heiloo location three parallel profiles were measured at a 0, 10, and 30 m distance (Figures
2 and 5A–C) where all profiles were measured by the two pXRF instruments (#SN67136 &
#SN36372c). To test out the influence of vegetation, all profiles at location Heiloo were executed with
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2.4. Soil Sampling for Quality Control
In order to provide quality control of the in situ pXRF measurements, at least one soil sample
was collected at every location to be analyzed in using inductively coupled plasma mass spectrometry
(ICP-MS) in a laboratory. The samples were collected either at the inlet or at the deepest point of the
swale. The sample collection followed the EuroGeoSurveys Geochemistry Expert Group Sampling
protocol [33].
The soil samples of the topsoil (0–3 cm) were collected with a small, sandblasted, stainless steel
garden spade and stored in contaminant-free glass container and RILSAN® bags for ICP-MS lab analysis
(bottom right photo in Figure 2). The soil samples were dried for 18 days at 26 ◦ C (min 26 ◦ C–max
29 ◦ C), then sieved using a 2 mm plastic sieve before sent for lab analysis. ICP-MS is a type of mass
spectrometry which is known for its ability to detect metals with high precision and low detection
limits (Table 2). The soil samples with metals were dissolved in acid (Aqua Regia Digestion). Then,
the digestion liquid was analyzed with an ICP-MS instrument, as described by Flem et al. [34]. In the
lab, the soil samples were then each measured with the pXRF (XL3#SN67136) five times. The sample
material was blended before each measurement to determine the heterogeneity of the sample material.
2.5. Data Collection at Locations
The three locations from the study are described here, providing examples for the method.
Detailed characteristics of each swale studied are given in Table 3.
Table 3. Detailed characteristics for the swales studied.
Location
(Municipality/Street)

Heiloo
Jan Boltenhof

Limmen
Zonnendauw

Almelo
Ter Kleef

Areal use

Residential

Residential

Residential

Year of construction

1999

Approximately 2000

2002

Estimated storage [volume
m3 /connected area m2 ]

20 mm

15 mm

10 mm

Type of infiltration test

Observation *

Observation *

Long term monitoring
(loggers)

Infiltration rate (m/day)

>0.3 m/day *

>0.3 m/day *

0.15–0.49 m/day

Soil type

Sandy soil

Clay/organic soil

Sandy soil

More information

https://climatescan.or
g/projects/135/detail

https://climatescan.
org/projects/3/detail

https://climatescan.org/
projects/941/detail

* Observation/interview by municipality.

2.5.1. Heiloo
The swale at Heiloo municipality is located in a residential area in the north-western part of the
Netherlands (https://climatescan.org/projects/135/detail). This swale is a grassy field, approximately
70 m long and 4 m wide with car parking along each side (Figure 2). The surface water inlet is not
from one point, but all along both sides. The outlet is located at the north-western point of the swale.
Measurements from this swale were collected with two pXRF instruments (#SN67136 & #SN36372c)
used at each of the three profiles for comparable results. Profile 1 (P1) is close to the south-eastern
end of the swale, profile 2 (P2) and profile 3 (P3) are 10 m and 40 m from P1 (Figure 2). Duplicate
measurements were taken, first on top of vegetation and then in direct contact with topsoil after the
removal of vegetation. This was conducted to determine the influence of vegetation on the results.
Further, it was decided to continue measurements only on topsoil because results from in situ topsoil
measurements could be correlated to laboratory analysis of soil samples.
The swale at Limmen is located in a residential area in the northwestern part of the Netherlands
(https://climatescan.org/projects/3/detail). It is a large swale that measures approximately 70 m long
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and 5 m wide (Figure 3). The swale is surrounded by local roads and provides aesthetic effect by
creating a park-like setting with grass vegetation. The swale has a clear outer rim, where the grassy
field is kept short while the central part of the swale has taller vegetation (Figure 3). The part with tall
vegetation is commonly flooded by surplus stormwater, and the deepest part is without vegetation due
to frequent water cover. This swale has a one-point inlet at the eastern side and a one-point outlet at the
western side. The measurements at the swale were conducted along four profiles with an interval of
10 m between the profiles. The pXRF measurements were conducted from left (south) to right (north)
as shown in Figure 3. Profile 1 was measured with two instruments (#SN67136 & #SN36372c, Figure 3)
to enable comparison of the different instruments.
2.5.2. Almelo
The swale at Almelo municipality is located in a residential area in the eastern part of the
Netherlands (https://climatescan.org/projects/941/detail). This swale is a grassy field, approximately
40 m long and 10 m wide with residential homes along the northern side and a street at the southern
side (Figure 4). The surface water inlet is located at two points, connected to the gutter from a house
on the northern side and located at the starting point (0 m) of each profile. The outlet is at the western
point of the swale (Figure 4). Two measurement profiles, located 20 m from each other, were conducted
with two pXRF instruments, #SN67136 at Profile 1 and instruments #SN36372c at Profile 2.
3. Results and Discussion
3.1. Results Heiloo
At the Heiloo location three parallel profiles were measured at a 0, 10, and 30 m distance
(Figures 2 and 5A–C) where all profiles were measured by the two pXRF instruments (#SN67136 &
#SN36372c). To test out the influence of vegetation, all profiles at location Heiloo were executed with
measurements on top of vegetation and directly on soil with vegetation removed, scraped off or just
below roots.
Sci 2020, 3, x FOR PEER REVIEW
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Figure 5. The profiles at location Heiloo were measured with two different pXRF instruments, on top of
Figure 5. The profiles at location Heiloo were measured with two different pXRF instruments, on top
vegetation
(green lines) and on topsoil (black and grey lines) where vegetation is removed. Elements in
of vegetation (green lines) and on topsoil (black and grey lines) where vegetation is removed.
graphs
from
bottom:
Pb—Lead,
Zn—Zinc,
and Cu—copper.
2 for location
of profiles.
Elementstop
in to
graphs
from
top to bottom:
Pb—Lead,
Zn—Zinc, See
andFigure
Cu—copper.
See Figure
2 for
location of profiles. (A). Results from profile 1, closest to the inlet (B). Results from profile 2, 10 m
from profile 1. (C). Results from profile 3, 40 m from profile 1. Two soil samples were collected at
midpoint of swale (deepest point) for quality control of method. Results from the soil samples are
marked with red dots for ICP-MS analysis and X for the repetitive pXRF measurements. For copper
(Cu) several measurements are below detection of 5 ppm (Table 2). All results are below national
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(A). Results from profile 1, closest to the inlet (B). Results from profile 2, 10 m from profile 1. (C). Results
from profile 3, 40 m from profile 1. Two soil samples were collected at midpoint of swale (deepest point)
for quality control of method. Results from the soil samples are marked with red dots for ICP-MS
analysis and X for the repetitive pXRF measurements. For copper (Cu) several measurements are below
detection of 5 ppm (Table 2). All results are below national threshold values for topsoil (Table 1).

The results from all profiles shown in Figure 5A–C indicate that lead (Pb) concentrations are lower
in the vegetation than on topsoil. For Zinc (Zn) and Copper (Cu) the results are not so consistent.
This is coherent with the findings of lead in vegetation by Zimdahl [35]. Other elements such as
sulphur (S), calcium (Ca), potassium (K), chromium (Cr) show the opposite relation and are prone to
be elevated in vegetation [16,35]. PTE appear to be accumulated in the topsoil, which is the media that
people are exposed to [2,5,8–10]. Therefore, the uppermost topsoil (0–3 cm) is of interest, and no more
measurements on vegetation were conducted.
The results from Heiloo shown in Figure 5A–C do not reveal a consistent pattern. As shown for
profile 3, the concentration of Pb from the laboratory analyses on the soil sample (ICP-MS, red dots in
Figure 5C) is lower than that in the pXRF in the field but matches the result from the pXRF measured
in the lab (marked with X in Figure 5C). The lack of consistency of the pattern, as is found in the two
other locations Limmen and Almelo, is most likely due to the lack of clear water inlet and little water
being discharged into the swale. There were no signs of the swale being frequently flooded since the
swale was evenly vegetated (Figure 2). All values measured for lead, zinc, and copper are below the
national intervention value (Table 1).
3.2. Results Limmen
At the Limmen location, four parallel profiles with 10 m intervals were measured
(Figures 3 and 6A–C). The profiles were measured from one side of the swale to the other, and the
results show that for lead and zinc values are low on both outside rims of the swale and increase in the
middle of the swale (Figure 6A,B). Values are high near the inlet and at the deepest point of the swale,
in profile 1 and 2 (Figure 6A,B). For lead and zinc, there is a build-up in the middle part, where the
swale is most frequently flooded. This does not apply to copper (Cu), which has no consistent pattern
as shown in Figure 6C. The values from the soil sample by lab ICP-MS are higher than in situ pXRF
measurements (red dots in Figure 6A–C). The lab measurements on the soil sample by the pXRF
(XL3#SN67136) are on the same level as the lab analysis, as shown in Figure 6A–C, marked with X.
Values of lead and copper are close to the national background values, but all values measured at
Limmen
below
levels (Table 1).
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Figure 6. Results for lead, zinc and copper from location Limmen. Four profiles were measured on
Figure 6. Results for lead, zinc and copper from location Limmen. Four profiles were measured on
topsoil, where profile 1 was measured with two different pXRF instruments for comparison. P1 is a
topsoil, where profile 1 was measured with two different pXRF instruments for comparison. P1 is a
cross-section covering the inlet at 0 m, P2 cross-cut the deepest part of the swale at 10 m, where P3 and
cross-section covering the inlet at 0 m, P2 cross-cut the deepest part of the swale at 10 m, where P3
P4 are located at 20 and 30 m, respectively. The location of the profiles is shown in Figure 3. Two soil
and P4 are located at 20 and 30 m, respectively. The location of the profiles is shown in Figure 3. Two
samples were collected at the midpoint of the swale in profile 1, close to the inlet for quality control of
soil samples were collected at the midpoint of the swale in profile 1, close to the inlet for quality
method. Results from the soil samples are marked with red dots for ICP-MS analysis and X for the
control of method. Results from the soil samples are marked with red dots for ICP-MS analysis and X
repetitive pXRF measurements. (A). Results for lead (Pb). (B). Results for zinc (Zn). (C). Results for
for the repetitive pXRF measurements. (A). Results for lead (Pb). (B). Results for zinc (Zn). (C). Results
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for copper (Cu). For copper (Cu) several measurements are below the detection limit of 5 ppm (Table
expressed as zero in this figure. National intervention values for topsoil are 530 ppm, 720 ppm and
2), expressed as zero in this figure. National intervention values for topsoil are 530 ppm, 720 ppm and
190 ppm for Pb, Zn and Cu, respectively (Table 1).
190 ppm for Pb, Zn and Cu, respectively (Table 1).

3.3. Results Almelo
At the Almelo location, two parallel profiles separated by 20 m were measured (Figures 4 and 7).
This swale is different from those in Heiloo and Limmen, which have a trench shape, where the side
facing the residential homes slopes gradually towards the mid-point, while the opposite side extends
flat towards the road (Figure 4). The inlet points are positioned at the end of numerous residential
gutters, which are the starting point of profile 1 and 2. This is reflected in the results, Figure 7, where the
highest metal concentrations in the soil are close to the inlet and decrease further away from the inlet.
Copper (Cu) differs from this trend, as the highest concentration is located at the mid-point (Figure 7).
The values from the ICP-MS analysis of the soil sample (taken from profile 2) resemble the result from
the pXRF. The values measured for lead, zinc, and copper in this swale are close to or higher than the
national background value, but below the intervention values (Table 1).
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3.4. Discussion
The result shows that the highest concentration of pollutants is close to the inlet(s), based on the
pXRF measurements, which is consistent with the findings of Jones and Davis [10] and Tedoldi et al. [9].
Jones and Davis [10] and Tedoldi et al. [9] also observe that the spatial distribution of pollutants
varies over a short distance and can vary greatly within SuDS. The variation of spatial distribution of
pollutants in swales is confirmed, where great variations over short distances (1 m) can be observed.
The distribution of the pollutants is controlled by the pathways of the water in the swale, with highest
measured values close to the inlet and at the deepest point of the swale, where the occurrence of
surplus water is most frequent and has the longest duration. Since the water flow path controls the
distribution of the pollutants it is important to locate the profiles in such manner that it covers the inlet
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and the deepest part of the swale, as exemplified in Figures 2–4. These results confirm that stormwater
is a significant contributor of pollutants to SuDS, as shown by Boogaard et al. [5].
This study has focused on the occurrence of PTE in the topsoil layer and should be followed up
by sampling at greater soil depths and vertical profiling, as demonstrated by Ingvertsen et al. [36],
Jones and Davis [10] and Tedoldi et al. [9]. These studies show that PTE are trapped in the uppermost
layers of the soil, and the concentration decreases with depth in the uppermost 0–30 cm, with the
highest concentration in topsoil [9,10,36], as PTE in stormwater are prone to be particle-bound [5].
Soil samples were collected and analyzed according to Demetriades and Birke [33], which is a
common standard procedure for geochemical mapping as shown by Flem et al. [34]. The variations
in the different elements, especially copper (Cu), demonstrate the importance of control samples of
soil with laboratory analysis, such as ICP-MS. Work by Radu and Diamond [23], Bull, Brown and
Turner [37], Turner and Solman [38], Rincheval, Cohen and Hemmings [27], Turner et al. [28,39] and
Lemière et al. [40] have documented the pXRF tool’s reliability. Researchers analyzed many forms of
media, including algae, bark, soil and sediments, and all demonstrate that the results produced by
the pXRF were as reliable as those produced in laboratory, using methods, such as ICP-MS. Based on
the comparative analyses presented in [26–28,37–40], we argue that in situ measurements with the
pXRF are valid as a quick-scan method for mapping PTE pollutants in SuDS. Radu and Diamond [26]
have conducted an extensive study correlating pXRF results with results from laboratory atomic
absorption spectrophotometry (AAS), giving pXRF credential as a predictable in situ measuring tool.
Lemière et al. [40] documents well that high water content influences the results of pXRF. Their work
shows the correlation of water content, pXRF measurements and laboratory analysis [40]. Taken the
water content into consideration, Lemière et al. [40] still conclude that pXRF is an efficient and reliable
tool for in situ mapping of contaminated sediments.
This work is part of a national study [17] where two national workshops on this research-based
study contributed to the re-evaluation of the design or to new guidelines for design, management and
maintenance of sustainable urban drainage systems, to improve the water quality of the receiving
water bodies [41,42]. Portable XRF measurements provide a rapid in situ analysis of the concentrations
of a range of elements, which can help lead to a rapid response to a hazardous waste situation.
This notion has also been pointed out by Kalnicky and Singhvi [11]. The traditional soil samples
and lab analysis are time-consuming as well as costly compared to in situ pXRF measurements.
Therefore, this suggested method using pXRF provides a foundation to limit area for follow-up
investigations including in-depth profiling, as demonstrated by Tedoldi et al. [8,9], Jones and Davis [10]
and Ingvertsen et al. [36]. The values of the detected PTE described here are well below the Dutch
threshold values for intervention for lead, zinc and copper (Table 1). Hence, the pXRF quick scan
analytical procedure could be used for water management and water quality control to prevent build-up
of soil pollution entering the groundwater body to comply with the Water Framework Directive [41]
and the CIRIA-The SuDS manual [2].
4. Conclusions
A methodology of in situ measurement of Potential Toxic Elements (PTE) pollutants in Sustainable
urban Drainage Systems (SuDS) using portable XRF (pXRF) instruments at three pilot locations in
the Netherlands is presented. This is a cost and time-efficient method that gives immediate results,
as pointed out by Bernick et al. already in 1995 [24]. The pXRF instrument’s detection limits are well
below national threshold values which makes this method suitable for the purpose of measuring PTE
content in soils in SuDS for management purposes. With this quick-scan method, traditional soil
sampling and laboratory analyses can be minimized to control samples. This thus suggests a method
for a thorough chemical characterization of PTE of topsoil in SuDS, exemplified by swales.
Three swales have been investigated with the pXRF method. The results confirm a substantial
variation of spatial distribution of PTE pollutants; the storm-water inlet and water volume control
the distribution in swales. When in the field, the measurement profiles should be adjusted according
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to the design of the SuDS, making sure that the profiles cover the inlet—the deepest section as well
as the outer rim—to represent the highest and lowest possible values of built up of PTE pollutants.
The measurements along the profiles should be executed systematically with a set interval. Control
samples of soil should be collected and analyzed in the laboratory to validate the pXRF quick scan.
This quick scan pXRF mapping methodology of topsoil will indicate if the topsoil is polluted and
whether the concentrations exceed national or international standards. If pollutant values are found
above threshold values, a follow-up investigation with more detailed mapping, both with quick scan,
soil samples on the surface and in depth, is recommended before clean-up is initiated.
The research results from this applied methodological approach will help national water authorities
to control and improve the water quality in accordance with the EU Water Framework Directive [41].
In addition, the results will help improve national and international guidelines for the design,
construction and maintenance of SuDS, the importance of which has been recognized by several
stakeholders from water authorities and municipalities attending two recent national workshops [18].
Author Contributions: Both authors have equally participated in the preparation of the study and execution of
fieldwork with data collection. Data have been analyzed together and results discussed. G.V.; writing—original
draft preparation, and preparing most figures, with continuous contribution from F.C.B. The manuscript has been
revised by both authors. All authors have read and agreed to the published version of the manuscript.
Funding: This research is funded by the Joint Programming Initiative Water Challenges for a changing world:
WaterWorks 2014, INXCES—INnovations for eXtreme Climatic EventS, Grant JPI Water—Water Works ERA-NET
Cofund 2014; Norwegian Research Council No. 258647, Nederlandse Organisatie voor Wetenschappelijk Onderzoek
No. ALWWW.2014.2. National workshops, publications and meetings with several stakeholders are funded by
WaterCoG) WaterCo-Governance) co-funded by the North Sea Region Programme 2014–2020.
Acknowledgments: We thank Hanze University of Applied Sciences Groningen and the Geological Survey of
Norway and Tauw for support for this work. The authors would like to thank the involved municipalities in
this study and the Dutch national organisations Stichting Toegepast Onderzoeks Waterbeheer (STOWA) and
Stichting RIONED for co-organizing the national workshops. Great appreciation to M.A. at the Geological Survey
of Norway (NGU) for constructive feedback on this paper, and to A.L.-D. (NGU) for improving this paper.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.
2.

3.

4.
5.
6.

7.

Tu, M.-C.; Smith, P. Modelling pollutant buildup and washoff parameters for SWMM based on land use in a
semiarid urban watershed. Water Air Soil Pollut. 2018, 229, 121. [CrossRef]
Woods Ballard, B.; Wilson, S.; Udale-Clarke, H.; Illman, S.; Scott, T.; Ashely, R.; Kellagher, R. CIRIA— The SuDS
Manual; CIRIA Research Project (RP); Department for Environment Food & Rural Affairs; Construction
Industry Research and Information Association (CIRIA), Griffin Court: London, UK, 2015; p. 992. ISBN
978–0-86017–760–9. Available online: https://www.ciria.org/Memberships/The_SuDs_Manual_C753_Chapt
ers.aspx (accessed on 15 April 2018).
Fletcher, T.D.; Shuster, W.; Hunt, W.F.; Ashley, R.; Butler, D.; Arthur, S.; Trowsdale, S.; Barraud, S.;
Semadeni-Davies, A.; Bertrand-Krajewski, J.-L.; et al. SUDS, LID, BMPs, WSUD and more—The evolution
and application of terminology surrounding urban drainage. Urban Water J. 2015, 12, 525–542. [CrossRef]
Fletcher, T.D.; Andrieu, H.; Hamel, P. Understanding, management and modelling of urban hydrology and
its consequences for receiving waters: A state of the art. Adv. Water Resour. 2013, 51, 261–279. [CrossRef]
Boogaard, F.C.; van de Ven, F.; Langeveld, J.; van de Giesen, N. Stormwater Quality Characteristics in (Dutch)
Urban Areas and Performance of Settlement Basins. Challenges 2014, 5, 112–122. [CrossRef]
IPCC. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution
of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Field, C.B.,
Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O.,
Genova, R.C., et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014; pp. 1–1132.
Haughton, G.; Hunter, C. Sustainable Cities; Jessica Kingsley Publishers Ltd.: London, UK, 1994; pp. 1–357.

Sci 2020, 2, 64

8.

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

12 of 13

Tedoldi, D.; Ghassan, C.; Pierlot, D.; Kovacs, Y.; Gromarie, M.-C. Impact of runoff infiltration on contaminat
accumulation and transport in the soil/filter media of Sustainable Urban Drainage Systems: A literature
review. Sci. Total Environ. 2016, 569–570, 904–926. [CrossRef]
Tedoldi, D.; Ghassan, C.; Pierlot, D.; Branchu, P.; Kovacs, Y.; Gromarie, M.-C. Spatial distribution of
heavy metals in the surface soil of source-control stormwater infiltration devices—Inter-site comparison.
Sci. Total Environ. 2017, 579, 881–892. [CrossRef]
Jones, P.S.; Davis, A.P. Spatial accumulation and strength of affiliation of heavy metals in bioretention media.
J. Environ. Eng. 2013, 139, 479–487. [CrossRef]
Kalnicky, D.J.; Singhvi, R. Field portable XRF analysis of environmental samples. J. Hazard Mater. 2001, 83,
93–122. [CrossRef]
Simmons, K.; Deatrick, J.; Johnson, H. Field X-ray Fluorescence Measuring. SESD Operating Procedure
SESDPROC-107-R3; U.S. Environmental Protection Agency: Atlanta, GA, USA, 2015.
Adams, G.; Keefer, D.; Turner, N.; Hill, F.E. Superfund X-Ray Fluoresence Field Operation Guide.
SFDGUID-001-R0; U.S. Environmental Protection Agency: Atlanta, GA, USA, 2017.
Lemière, B. A Review of pXRF (Field Portable X-ray Fluorescence) Applications for Applied Geochemistry.
J. Geochem. Explor. 2018, 188, 350–363. [CrossRef]
Ramsey, M.H.; Boon, K.A. Can in situ geochemical measurements be more fit-for-purpose than those made
ex situ? Appl. Geochem. 2012, 27, 969–976. [CrossRef]
Jean-Soro, L.; Le Guern, C.; Bechet, B.; Lebeau, T.; Ringeard, M.F. Origin of trace elements in an urban garden
in Nantes, France. J. Soils Sediments 2014. [CrossRef]
Boogaard, F.C.; Venvik, G. National mapping of long-term pollution in Dutch swales using a new XRF quick
scan method. unpublished; manuscript in preparation.
Boogaard, F.C. Research on Long Term Soil Continanation in Swales (in Dutch: Bodemvervuiling in Wadis
Onderzocht Met Nieuwe Methode). H20 Magazine, 14. May 2019. Available online: https://www.h2owaterne
twerk.nl/vakartikelen/bodemvervuiling-in-wadi-s-onderzocht-met-nieuwe-methode (accessed on 20 May
2019).
Boogaard, F.C.; Olsson, J.; Muthanna, T.M.; Heikoop, R.; Venvik, G. International knowledge exchange
on climate adaptation with the Climatescan platform (8857). In Proceedings of the 4th European Climate
Change Adaptation conference ECCA, Lisbon, Portugal, 28–31 May 2019.
NMHSPE 2000 Circular on Target Values and Intervention Values for Soil Remediation. The Netherlands
Ministry of Housing, Spatial Planning and the Environment, Amsterdam. 2000. Available online: https://w
ww.esdat.net/Environmental%20Standards/Dutch/annexS_I2000Dutch%20Environmental%20Standards.pdf
(accessed on 5 April 2018).
Goldschmidt, V.M. The principles of distribution of chemical elements in minerals and rocks. J. Chem. Soc.
1937, 655–673. [CrossRef]
Afshari, S.; Nagarkar, V.; Squillante, M.R. Quantitative Measurement of Lead in Paint by XRF analysis
Without Manual Substrate Correction. Appl. Radiat. Isot. 1997, 48, 1425–1431. [CrossRef]
Bernick, M.B.; Kalnicky, D.J.; Prince, G.; Singhvi, R. Results of field-portable X-ray flourescence analysis of
metal contaminations in soil and sediments. J. Hazard Mater. 1995, 43, 101–110. [CrossRef]
Bernick, M.B.; Getty, D.; Prince, G.; Sprenger, M. Statistical evaluation of field-portable X-ray flourescence
soil preparation methods. J. Hazard Mater. 1995, 43, 111–116. [CrossRef]
Stallard, M.O.; Apriz, S.E.; Dooley, C.A. X-Ray Flourescence Spectromerty for Field Analysis of Metals in
Marine Sediments. Mar. Pollut. Bull. 1995, 31, 297–305. [CrossRef]
Radu, T.; Diamond, D. Comparison of soil pollution concentrations determined using AAS and portable XRF
techniques. J. Hazard Mater. 2009, 171, 1168–1171. [CrossRef]
Rincheval, M.; Cohen, D.R.; Hemmings, F.A. Biogeochemical mapping of metal contamination from mine
tailing using field-portable XRF. Sci. Total Environ. 2019, 662, 404–413. [CrossRef]
Turner, A.; Poon, H.; Taylor, A.; Brown, M.T. In situ determination of trace elements in Fucus spp.
By field-portable-XRF. Sci. Total Environ. 2017, 593–594, 227–235. [CrossRef]
ThermoFisher. Available online: https://assets.thermofisher.com/TFS-Assets/CAD/posters/CAD-Niton-Perio
dictable-fxl.pdf (accessed on 10 February 2018).
ThermoFisher. Available online: www.thermofisher.com (accessed on 15 May 2019).

Sci 2020, 2, 64

31.
32.
33.

34.
35.
36.

37.
38.
39.
40.
41.
42.

13 of 13

Mineral Laboratories, Bureau Veritas Commodities Canada Ltd. Available online: https://www.bureauverita
s.com/um (accessed on 7 March 2018).
AGROLABS Group. AL-West B.V. Available online: https://www.agrolab.com/nl (accessed on 1 June 2018).
Demetriades, A.; Birke, M. Urban Topsoil Geochemical in situ Mapping Manual (URGEII). EuroGeoSurveys,
Brussels, 2015, pp. 1–52. Available online: http://www.eurogeosurveys.org/wp-content/upload/2015/06/FGS
_Uran_Topsoil_Geochemical_Mapping_Manual_URGE_II_HR_version.pdf (accessed on 15 March 2018).
Flem, B.; Eggen, O.A.; Torgersen, E.; Kongsvik, M.K.; Ottesen, R.T. Urban geochemistry in Kristiansand,
Norway. JGE 2018, 187, 21–33. [CrossRef]
Zimdahl, R.L. Entry and Movement in Vegetation of Lead Derived from Air and Soil Sources. J. Air Pollut.
Control Assoc. 2012, 26, 655–660. [CrossRef]
Ingvertsen, S.T.; Cederkvist, K.; Régent, Y.; Sommer, H.; Magid, J.; Jensen, M.B. Assessment of exsisting
Roadside Swales with Engineered Filter Soil: 1. Characterization and Lifetime Expectancy. JEQ 2011, 41,
1960–1969. [CrossRef] [PubMed]
Bull, A.; Brown, M.; Turner, A. Novel use of field-portable-XRF for the direct analysis of trace elements in
marine macroalgae. Environ. Poll. 2017, 220, 228–233. [CrossRef] [PubMed]
Turner, A.; Solman, K.R. Analysis of the elemental composition of marine litter by field-protable-XRF. Talanta
2016, 159, 262–271. [CrossRef]
Turner, A.; Chan, C.C.; Brown, M.T. Application of field-portable-XRF for the determination of trace elements
in deciduous leaves from a mine-impacted region. Chemosphere 2018, 209, 928–934. [CrossRef]
Lemière, B.; Laperche, V.; Haouche, L.; Auger, P. Portable XRF and wet materials: Application to dredged
contaminated sediments from waterways. Geochem. Explor. Environ. Anal. 2014, 14, 257–264. [CrossRef]
Water Framework Directive (2000/60/EC). Available online: http://ec.europa.eu/environment/water/water-fra
mework/index_en.html (accessed on 10 May 2018).
Boogaard, F.C.; Blanksby, J.; de Jong, J.; van de Ven, F.H.M. Optimizing SUDS by transnational knowledge
exchange—Guidelines for the design & construction and operation. In Proceedings of the Conference
proceeding NOVATECH 2010 - 7th International Conference on Sustainable Techniques and Strategies for
Urban Water Management, Lyon, France, 28 June–1 July 2010.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

