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We employed an experimental approach for high spatial resolution sampling and analysis of PM;, allowing
identification and spatial mapping of tracers of PM;( emission sources. Very-low-volume samplers were used at
17 sites in Amersfoort and at one regulatory reference site in Utrecht, The Netherlands, in a 5-month monitoring
period (from September 2018 to February 2019), to assess the monthly spatial distribution of PM;¢ mass and
PM; o chemical compounds. By performing principal component analysis on the obtained spatially-resolved data,
selective and reliable source tracers were identified for soil dust (Ca™, C1~, insoluble Al, Ce, Li, U and V), brake
dust (insoluble Fe, Mn, Mo, Nb, Sb, Sn, W and Zr, water-soluble Fe, Mn, Mo and Sb), industrial and/or agri-
cultural emissions (NHJ, water-soluble As, Co, Fe, Mn, Mo, Pb, Sb, Se, Sn and Ti), secondary organic and
inorganic aerosols (water-soluble organic carbon, NO3 and SO?{), biomass domestic heating (water-soluble
organic carbon, levoglucosan, water-soluble Cs, Li, Rb and TI) and New Year's Eve fireworks (K*, Mg?*, Na™,
water-soluble Al, Ba, Bi, Cr, Cu and Sr). The autumn and winter spatial mapping of the identified source tracers
allowed us to effectively assess and localize the impact of the different PM;( sources and to evaluate the diffusion
of the PM; particles. This approach proved to be very effective to trace low-intensity PM;( sources and to map
their seasonal spatial distribution. The obtained spatially-resolved chemical data can be used in further studies to
evaluate spatial relationships between the concentration of PMj air pollutants and adverse outcomes for human
health. This approach promises to be a powerful tool for obtaining seasonal and spatially-resolved information
about PM composition and sources in several study areas, having high impact on the air quality management.

1. Introduction Temporal and spatial distribution of PM compounds is highly vari-

able, since it depends on different meteorological conditions and on the

Over the years, various epidemiological studies have spotlighted
strong correlations between the exposure to particulate matter (PM)
mass concentration and the onset of asthma, lung cancer, diabetes, and
cardiovascular diseases (Pope III and Dockery, 2006; @vrevik, 2019;
Schmitz et al., 2019). However, chemical characterization of PM is
essential for the assessment of toxicological effects of the various PM
components and for the evaluation of their impact on human health
(Strak et al., 2012). Moreover, chemical analysis of PM allows identi-
fying source tracers useful for the delineation of the impact of different
emission sources.
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location and seasonal strength of the sources (Perrino et al., 2010;
Canepari et al., 2014; Korhonen et al., 2019). However, conventional
devices generally used for the collection of PM on membrane filters for
subsequent analyses enable obtaining good temporal resolution, but do
not allow assessing the spatial distribution of PM components with high
resolution. In fact, their high cost and large size make it possible for
them to be used only on a few points in large areas. The information
obtained at these points is generally extended to wider areas by using
mathematical models, which may not be able to correctly describe the
complexity of transport and transformation processes of the PM
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compounds (Setton et al., 2010; Kloog et al., 2013; Minguillon et al.,
2014).

In this study, an experimental approach for high spatial resolution
sampling and analysis of PM;(, which allows the spatial mapping of the
concentrations of PM;y, mass and PM;y chemical components, was
employed in the city of Amersfoort, The Netherlands. Recently devel-
oped, small-sized and very-low volume samplers (High spatial resolution
sampler, HSRS; FAI Instruments, Fonte Nuova, Rome, Italy; Massimi
et al., 2017; Catrambone et al., 2019) were used at 17 sites (approxi-
mately 1 km of distance between each other) in Amersfoort and at one
regulatory reference site in Utrecht, during a 5-month monitoring period
(from September 2018 to February 2019), to assess the monthly spatial
distribution of PM;y compounds (water-soluble organic carbon, levo-
glucosan, ions, water-soluble and insoluble elements). This approach,
previously described in Massimi et al. (2020b), has proven to be very
effective for the impact assessment of spatially disaggregated and
intensive emission sources of PM in a heavily contaminated area of
Central Italy. However, it has never been used in less polluted areas with
weaker emissions of PM, such as Amersfoort, The Netherlands (popu-
lation ~ 156,000, non-industrialised).

This study is aimed to evaluate the efficiency of this experimental
approach for the localization and impact assessment of PM;j sources,
through the spatial mapping of chemical tracers of PM emissions, in an
area with low anthropogenic impact. This approach may allow to
identify local and/or temporal isolated events of air pollution, such as
the burning of New Year's Eve fireworks (Greven et al., 2019). Moreover,
it provides spatially-resolved chemical data on PMjg air pollution that
can be used in further studies to relate spatial distribution of PM com-
pounds with health effects and mortality (Knaapen et al., 2002; Toro
et al., 2019; Chen and Hoek, 2020; Fischer et al., 2020).
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2. Materials and methods
2.1. Study area

Amersfoort (52°9'N 5°23'E) is a medium-sized city of 63.86 km?
located in the center of the Netherlands, in the province of Utrecht.
Amersfoort has one of the largest Dutch railway junctions with its three
stations (Amersfoort Centraal, Schothorst and Vathorst), it is crossed by
two highways (A1l and A28), and residential biomass combustion occurs
during the cold season, especially in the south of the city (Fig. 1).

In Amersfoort, throughout the year, the temperature typically ranges
from 0 °C to 23 °C; the warmer season lasts about three months, from
June to early September, while the colder months are December,
January and February.

The average wind speed undergoes significant seasonal variations
during the year. The windiest period is autumn and winter, with an
average wind speed of over 18 km/h. In general, the predominant wind
comes from the south-west. In the autumn-winter months, the pre-
dominant wind comes mainly from the south and sometimes from the
west (Gelaro et al., 2017). Wind direction and wind speed roses for the 5-
month monitoring period, compared to those of the period 2011-2020
(source of the data: https://www.knmi.nl/nederland-nu/klima
tologie/uurgegevens), are reported in supplementary material S1.

2.2. Sampling sites

The sampling sites were chosen with the support of the Amersfoort
city hall and the National Institute for Public Health and the Environ-
ment (RIVM, Bilthoven, Netherlands). Amersfoort city hall and RIVM
recommended the best locations for the deployment of the HSRS, ac-
cording to the presence of local emission sources and to their previous
PM monitoring. The HSRS were installed and employed at 17 sites (MR,
JA, KE, JO, CO, EL, DE, SA, OS, DI, MT, CH, ED, MA, ES, WL, MN) in
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Fig. 1. Map of the 17 sampling sites in Amersfoort (Netherlands) with the location of the main local emission sources of PM (ArcMap 10.3.1, ArcGis Desktop; ESRI,

Redlands, CA, USA).
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Amersfoort, covering the study area with a spatial resolution of
approximately 1 km (Fig. 1) and at one regulatory reference site (RS) in
Utrecht, to identify reliable vehicular traffic tracers and to check PM;
variations not due to local emissions. At site JO, two samplers were
employed to monitor sampling and analysis repeatability. All devices
were installed within 6 m above ground level to ensure homogeneous
sampling conditions. The geographical coordinates of the 17 sampling
sites in Amersfoort and of the regulatory reference site (RS) in Utrecht
are reported in Table 1. The possible local emission sources of PM in
proximity of each site are detailed in Table 2, where the approximate
distances (calculated using the software ArcMap 10.3.1; ArcGis Desktop;
ESRI, Redlands, CA, USA) from each sampling site to potential sources
are reported.

The 5-month monitoring campaign was carried out from September
8™ 2018 to February 17 2019.

2.3. Sampling equipment

The High spatial resolution sampler (HSRS; FAI Instruments, Fonte
Nuova, Rome, Italy) is an automatic, small-sized and silent device
(20x20x20 cm) that operates with a low flow rate: 0.5 L min~ . It was
equipped with 37 mm PTFE membrane filters (2 pm pore size, PALL
Corporation, Port Washington, NY, USA) and worked in parallel at all
sites for five 1-month sampling periods: September/October 2018,
October/November 2018, November/December 2018, December/
January 2019, and January/February 2019. The start and stop dates of
each sampling period are reported in Table 3.

In the December/January monitoring period, one of the two sam-
plers used at JO was stopped from 30/12/2018 to 3/1/2019 in order not
to sample PM released by the burning of New Year's Eve fireworks,
while the other one was left operating during the entire period.

2.4. Analytical procedure

PTFE membrane filters were weighed before and after sampling to
gravimetrically determine PM;( mass concentrations. Each membrane
filter was subjected to a chemical fractionation procedure, which con-
sists out of extraction in water of the PM filter and in the digestion of the
residue; elemental analysis was performed in both fractions (Canepari
et al., 2006a, 2006b). This chemical fractionation procedure allows
increasing the selectivity of the elements as source tracers (Astolfi et al.,

Table 1
Geographical coordinates (decimal degrees) of the 17 sampling sites in Amers-
foort and of the regulatory reference site (RS) in Utrecht.

Geographical coordinates of the 17 sampling sites in Amersfoort

Latitude Longitude
MR 52.204549° 5.376669°
JA 52.197903° 5.431991°
KE 52.188428° 5.385851°
JO 52.189775° 5.403229°
Cco 52.181914° 5.399245°
EL 52.178557° 5.404134°
DE 52.18313° 5.423743°
SA 52.178312° 5.37347°
0s 52.170157° 5.382377°
DI 52.162568° 5.376833°
MT 52.160291° 5.371474°
CH 52.156056° 5.384303°
ED 52.152208° 5.411654°
MA 52.157256° 5.42963°
ES 52.140702° 5.394428°
WI 52.134736° 5.371209°
MN 52.115462° 5.404635°
Geographical coordinates of the regulatory reference site in Utrecht

Latitude Longitude
RS 52.105862° 5.124655°
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2006; Canepari et al., 2009; Perrino et al., 2010; Astolfi et al., 2017),
since, for many elements, the water-soluble and insoluble fractions are
released by different PM emission sources (Massimi et al., 2020b).

In short, the polymethylpentene support ring was removed from each
PM filter, which underwent ultrasound assisted extraction for 30 min in
10 mL of deionized water (Arioso UP 900 Integrate Water Purification
System, Cole-Parmer Co Ltd., Saint Neots, England, UK). The water-
extracted solution was then filtered through a cellulose nitrate filter
(pore size 0.45 pm, Merck Millipore Ltd., Billerica, MA, USA). The PM
filter containing the insoluble residue and the cellulose nitrate filter used
for the filtration were then subjected to a microwave assisted acid
digestion (Ethos Touch Control with Q20 rotor, Milestone, Bergamo,
Italy) using 2 mL of ultrapure HNO3 (67%; Promochem, LGC Standards
GmbH, Wesel, Germany) and 1 mL of Hy05 (30%; Promochem, LGC
Standards GmbH, Wesel, Germany). The digested solution was then
diluted to 50 mL with deionized water and filtered using syringe filters
(cellulose nitrate; diameter 25 mm, pore size 0.45 pm, GVS Filter
Technology, Morecambe, England, UK).

Elements in the water-soluble (Al s, As_s, Ba_s, Bi_s, Co_s, Cr_s, Cs_s,
Cu_s, Fe_s, Li_s, Mn_s, Mo_s, Pb_s, Rb_s, Sb_s, Se_s, Sn_s, Sr_s, Ti_s, Tl_s)
and insoluble (Al_i, Ce_i, Fe_i, Li_i, Mn_i, Mo_i, Nb_i, Sb_i, Sn_i, U_i, V_i,
W_i, Zr_i) fractions were analyzed by a quadrupole inductively coupled
plasma mass spectrometer (ICP-MS; model 820-MS; Bruker, Bremen,
Germany) equipped with a glass nebulizer (0.4 mL min~!; Analytik Jena
AG, Jena, Germany). For each element, the external standard calibration
curve was performed in the range 1-500 pg L™ by serially diluting stock
standard solutions (1000 + 2 mg L’l; Exaxol Italia Chemical Manufac-
turers Srl, Genoa, Italy; Ultra Scientific, North Kingstown, RI, USA;
Merck Millipore Ltd., Billerica, MA, USA). To control nebulizer effi-
ciency, Y (1000 £+ 2 mg Lt ; Panreac Quimica, Barcelona, Spain) was set
at 5 pg L1 as internal standard for all measurements. The instrumental
conditions and performance of the method are detailed in Astolfi et al.
(2020) and Canepari et al. (2009) respectively.

In addition to the elements, the soluble fraction of PM was analyzed
for water-soluble organic carbon (WSOC), ions and levoglucosan (LVG).

WSOC was analyzed by TOC-VCSH (Shimadzu Corporation, Kyoto,
Japan), using the NPOC (non-purgeable organic carbon) procedure
(Saarikoski et al., 2007). An aliquot of 0.5 mL of the water-extracted
solution of PM, diluted 1:10 with deionized water and 100 pL of HClL
10 M (Promochem, LGC Standards GmbH, Wesel, Germany) was used
for the WSOC analysis.

Ions (Ca®™, €17, K*, Mg?*, Na*, NHZ, NO3, SO ") were analyzed by
ion chromatography (IC) (ICS1000, Dionex Co., CA, USA) using a total of
1 mL of the water-extracted solution.

Finally, an aliquot of 0.5 mL of the extracted solution, diluted 1:2
with deionized water, was analyzed for LVG by High-Performance
Anion-Exchange Chromatography with Pulsed Amperometric Detec-
tion (HPAEC-PAD). A Dionex DX-500 series ion chromatograph equip-
ped with a DC ICS-3000 oven, a GP40 Gradient Pump, and a CarboPac™
PA10 analytical and guard column was used for LVG analysis; a Dionex
ED50/ED50A Electrochemical Cell equipped with disposable gold
electrodes was employed as electrochemical detector (Perrino et al.,
2019).

2.5. Data analysis

The detection limit (LOD) of each analyte was set at 3 times the
standard deviation (SD) of 10 replicate blank determinations.

Duplicate concentration data obtained for each monitoring period
(except for December/January period) at site JO for PM;( and for the
analyzed PM;, compounds were used to calculate the relative standard
deviations (RSDs) in order to assess the sampling and analysis repeat-
ability. The RSDs obtained in the December/January monitoring period
are not indicative of the sampling and analysis repeatability, since one of
the two samplers used at JO was stopped from 30/12/2018 to 3/1/2019
to assess the release of PM;o chemical components due to the burning of
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Table 2
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Approximate distances (m) from each of the 17 sampling site in Amersfoort to potential local emission sources of PM; the shorter distances of the sources from each site

are indicated in bold.

Sapling Closest Closest Highway Highway Closest Closest Traffic Light (T)  Closest Closest Closest Landfill
Site Commercial Trafficked Al A28 Bus Stop and/or Roundabout (R)  Railway Train Farmland
Area Street Track Station
JA 2000 110 1800 500 220 250 (R) 520 600 400 2200
MR 1200 800 200 4900 70 830 (T) 3600 3800 300 1000
JO 400 150 280 2400 200 190 (T) 1200 1700 1700 1300
KE 800 300 1300 3200 240 720 (T) 1900 2000 1400 1600
560 (R)
Cco 400 600 1000 2000 280 700 (T) 800 850 2400 2100
DE 150 25 340 750 180 560 (T) 260 1200 900 2700
70 (R)
EL 350 270 1000 1700 90 330 (T) 290 400 2300 2500
SA 1200 270 2700 3600 190 440 (T) 1900 2100 350 3000
380 (R)
0os 700 240 2800 2700 100 470 (T) 870 1500 600 3600
220 (R)
MA 400 600 1500 750 500 800 (T) 1300 2300 0 5300
ED 500 770 2700 280 220 250 (T) 1600 2600 400 5500
DI 0 220 3600 3000 160 350 (T) 620 1000 1300 4600
500 (R)
MT 270 170 4100 3100 150 260 (T) 700 700 1500 4800
CH 450 140 3800 2200 40 50 (T) 200 800 2200 5000
ES 1300 30 4500 650 160 100 (T) 60 2000 700 6700
WI 2800 170 6000 500 200 280 (T) 1800 2100 2300 7600
MN 900 140 6500 2100 220 170 (T) 800 1000 240 9600
2.7. Data interpolation and spatial mapping
Table 3
Start and stop dates of the five sampling periods. Spatially-resolved data of the autumn and winter monitoring periods
Start and stop dates of the five sampling periods were interpolated by using the ordinary kriging (OK) method (Johnston
Season Sampling Period Start date Stop date etal., 2001) to create a continuous surface from the 17 measured sample
Autumn 10 September/October 8/9/2019 7/10/2018 points in Amersfoort and predict the values at unmeasured points
20 October/November 13/10/2018 11/11/2018 (Kumar et al., 2007). Ordinary kriging is a geostatistical interpolation
3° November/December ~ 17/11/2018 12/12/2018 method in which the distance and the degree of variation between
Winter 4 December/January 18/12/2018  13/1/2019 known data points are considered to estimate values in unknown loca-
5° January/February 19/1/2019 17/2/2019

New Year's Eve fireworks. In the December/January period the chemical
compounds with RSDs >50% were considered to be related to PM;q by
the use of fireworks. LODs and RDSs of all the analyzed variables are
reported in supplementary material S1.

Concentration data determined at each site in the September/
October, October/November and November/December monitoring pe-
riods were averaged to obtain autumn mean concentrations, while data
obtained for December/January and January/February periods were
averaged to obtain winter mean concentrations.

2.6. Principal component analysis

Emission tracers of the main PM;o sources were identified and
clustered by performing principal component analysis (PCA) on the
concentration data of PM;( and of all the analyzed PM;( components.

The matrix of the data (3960 data points) used for the PCA is
composed of 90 samples: 18 samples (one sample per site) for each of the
5 sampling periods, and of 44 variables: PM;o mass and WSOC, LVG,
ca%*, cl-, K*, Mg?", Na*, NHJ, NO3, SO3 ™, Al s, As_s, Ba_s, Bi_s, Co_s,
Cr_s, Cs_s, Cu_s, Fe_s, Li_s, Mn_s, Mo_s, Pb_s, Rb_s, Sb_s, Se_s, Sn_s, Srs,
Ti_s, Tls, Ali, Ce_i, Fe_i, Li_i, Mn_i, Mo_i, Nb_i, Sb_i, Sn_i, U_i, V_i, W_i
and Zr_i concentration (ng m~3). The matrix of the data was transformed
by column mean centering and row and column autoscaling before
performing the PCA (Conti et al., 2007; Massimi et al., 2017). PCA was
carried out using the statistical software CAT (Chemometric Agile Tool;
Leardi et al., n.d) based on the R-project for statistical computing, Ver.
3.0, 32-bit.

tions by using as estimator a linear combination of the observed values
with weights, which are derived from a semivariogram function (Xie
et al., 2011; Paramasivam and Venkatramanan, 2019). The spherical
semivariogram model was used to interpolate the high spatial resolution
data and the experimental semivariances were fitted by weighted least-
squares approximation (Jian et al., 1996).

The autumn and winter spatial distribution of PM;y and PMjg
chemical components was mapped using the software ArcMap 10.3.1
(ArcGis Desktop; ESRI, Redlands, CA, USA).

3. Results and discussion
3.1. Concentrations of PM;9 mass and PM; chemical compounds

From Fig. 2, we can observe an increase in PM;( mass concentration
at all the sampling sites in winter, especially in the January/February
monitoring period. This increase can be explained by the greater in-
tensity of typical winter sources such as biomass domestic heating and
by a less efficient mixing of the lower atmosphere in the colder period,
which leads to frequent temperature inversions and to stronger atmo-
spheric stability (Hendriks et al., 2013).

Mean PM; mass concentration at all the sites was very low: 17 ug
m > in autumn and 22 pg m~° in winter. As it can be seen from Tables 4
and 5, in which autumn and winter concentrations of PM;y mass and
PM;( components are reported, the highest PM;o mass concentration
(34 g m~3) was found in winter at ED, which is the closest site to the
highway A28 (Table 2), located in an area where biomass domestic
heating appliances were used (Fig. 1). Relatively high winter PM; mass
concentration was recorded also at CO (30 pg m~2) and at MN (29 pg
m ), which are sites located, respectively, near the highway Al and in
the area where domestic biomass combustion occurred in the colder
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Fig. 2. PM;, mass concentrations (ug m~>) obtained at the 17 sampling sites in Amersfoort and at the regulatory reference site (RS) in Utrecht in the 5-month

monitoring period.

period. The lowest PM;( mass concentration was found in autumn at CH
(12 pg m~), located in the city center, while the highest autumn PM;o
mass concentrations were recorded at ED, CO and MN (27, 23 and 22 pg
m 3, respectively).

From Tables 4 and 5, we can observe that the concentrations of
WSOC, LVG, KT, Mg?*, Na*, NHZ, NO3, SOZ~ and of all the elements in
the water-soluble fraction of PM;o were higher in winter, while the
concentrations of Ca®, Cl~ and insoluble elements were higher in
autumn. This different behavior can be reasonably explained by the
different emission sources that release these PM;o components. In fact,
WSOC, LVG, K, Mg?*, Na*, NH{, NO3, SO3~ and water-soluble ele-
ments are generally in the fine fraction of PM (Canepari et al., 2019),
originated by the accumulation of ultrafine particles released by com-
bustion sources, such as biomass domestic heating, which is a winter
emission source, and the burning of New Year's Eve fireworks. On the
contrary, Ca*, CI”~ and insoluble elements are usually in the coarse
fraction of PM, associated to soil (Ca™, Cl7, Ali, Ce i, Lii, U.i and V_i;
Canepari et al., 2008; Pant and Harrison, 2013) or brake abrasion dust
(Fe_i, Mn_i, Mo_i, Nb_i, Sb_i, Sn_i, W_i and Zr_i; Querol et al., 2012;
Namgung et al., 2016), whose resuspension is greater in autumn (Mas-
simi et al., 2020b). Concentrations of PM;y mass and PM;( chemical
compounds obtained at all sampling sites in each monitoring period are
reported in supplementary material S2.

3.2. Identification of PM;¢ source tracers

To identify emission tracers of the main PM;( sources acting in
Amersfoort during the 5-month monitoring period and to cluster the
samples depending on their spatial and temporal distribution, explor-
ative PCA was performed.

Three significant components accounting for 73.3% of the total
variance were obtained (the scores and loadings are shown in supple-
mentary material S3); the variance explained by each component is:
32.9%, 22.9% and 17.5%. First component (PC1) clusters the samples
(scores) depending on the monthly concentration variability of PM;q
chemical compounds (loadings). Therefore, samples collected in autumn
(in the September/October, October/November and November/
December monitoring periods), in which higher concentrations of Ca™,
Cl™ and insoluble elements were obtained (Tables 4 and 5), are almost
all plotted on the left part of the score plot. On the contrary, winter
samples (of the December/January and January/February periods),
containing higher concentrations of WSOC, LVG, K+, Mg?*, Na*, NHJ,
NO3, SO%‘ and water-soluble elements, are mostly plotted on the right
part of the score plot.

From Fig. 3, we can observe that for each monitoring period, samples

collected at DI, MT, CH and MA, where higher concentrations of crustal
components of PM;, (Ca™, CI~, Ali, Ce i, Li_i, U_i and V_i) were found,
are separated along PC1 from samples collected at CO, ED and MN,
containing higher concentrations of WSOGC, LVG, NHZ, NO3, SO3~ and
water-soluble elements (Tables 4 and 5). Indeed, Ca™, C1~, AL i, Ce i, Li i,
Ui and Vi are all clustered as soil dust tracers in the group A of the
loading plot (panel b), while WSOC, LVG, NHJ, NO3, SO?{, As_s, Co_s,
Cs_s, Fe_s, Li_s, Mn_s, Mo_s, Pb_s, Rb_s, Sb_s, Se_s, Sn_s, Ti_s and Tl_s are
clustered in the groups C, D and E.

Group C contains the water-soluble fraction of elements (Fe_s, Mn_s,
Mo_s and Sb_s) presumably released by industrial emissions (Kim and Jo,
2006; Mooibroek et al., 2011; Mbengue et al., 2014) and partly emitted
by brake abrasion (Garg et al., 2000; Thorpe and Harrison, 2008), along
with their insoluble fraction (group B), which is more strongly associ-
ated to brake dust (Abbasi et al., 2012; Kam et al., 2013; Massimi et al.,
2020b).

On the other hand, group D is composed of water-soluble elements
(As_s, Cos, Pb_s, Se_s, Sn_s and Ti_s) and NHZ, whose release can be
more reliably attributed to industrial (Belis et al., 2015; Mooibroek
et al., 2011; Fernandez-Camacho et al., 2012; Park et al., 2014) and/or
agricultural sources (Battye et al., 2003; Shen et al., 2011). In fact, NH}
is formed in the atmosphere by the protonation of NHs, which is mainly
released by the decomposition of organic matter from animal farming
and by the use of nitrogen fertilizers in agriculture (Pozzer et al., 2017).

Finally, group E contains secondary inorganic ions (NO3, S03") and
biomass burning tracers (WSOC, LVG, Cs_s, Li_s, Rb_s and Tl_s), which
were most likely emitted by biomass domestic heating sources (Cheng
et al., 2014; Frasca et al., 2018; Simonetti et al., 2018; Massimi et al.,
2020a), especially in winter at CO, ED and MN (Tables 4 and 5). In fact,
LVG is a highly selective biomass burning tracer (Simoneit et al., 2004;
Engling et al., 2006; Sullivan et al., 2008), since it is a dominant organic
component emitted in fine wood smoke (Simoneit et al., 1999; Schauer
et al., 2001). Water-soluble Cs, Li, Rb and TI are also known to be pro-
duced by wood burning and they can be used as effective biomass do-
mestic heating tracers (Canepari et al., 2014; Frasca et al., 2018;
Massimi et al., 2020b). Water-soluble organic carbon is a less selective
tracer, since it is also derived from biogenic materials, soil dust and fuel
combustion (Urban et al., 2012); despite this, a considerable fraction of
WSOC is generally produced by the combustion of biomass for resi-
dential heating (Graham et al., 2002; Massimi et al., 2020a). Moreover,
WSOC is an indicator of water-soluble secondary organic particles
(Weber et al., 2007; Ervens et al., 2011) that can be formed during the
aging process of biomass burning smoke (Lee et al., 2008; Adler et al.,
2011). On the other hand, NO3 and SOZ~, which are clustered in the
same group, are tracers of secondary inorganic aerosols (secondary



Table 4
Concentrations of PM; mass (pg m~3) and PM;, chemical compounds (ng m~3) obtained at the 17 sampling sites in Amersfoort and at the regulatory reference site (RS) in Utrecht in the autumn monitoring period.
MR JA KE JO CcOo EL DE SA oS DI MT CH ED MA ES WI MN RS
PM;o 16 19 16 18 23 17 17 15 14 17 14 12 27 14 19 17 22 18
WSOC 3243 4185 4260 3615 5955 3675 2340 2370 2870 2910 2820 1531 6256 2804 2831 3270 6015 4175
LVG 644 639 698 678 1119 618 658 518 565 556 771 546 829 583 599 851 919 613
Ca?* 207 360 217 308 324 226 256 230 333 344 257 210 388 242 307 204 294 281
Ccl 3056 2506 2307 3084 4220 2677 2722 2408 2200 2414 2241 1266 3413 2086 2573 2048 3624 3385
K" 105 114 118 148 155 106 206 114 156 147 119 71 244 164 180 95 215 200
Mg2 ' 66 67 66 79 101 69 70 63 60 75 52 39 95 58 62 53 88 78
Na' 520 493 580 768 767 502 602 463 434 666 413 366 817 482 579 400 699 591
NHj 794 709 683 938 1280 738 774 707 610 451 667 358 1062 576 723 631 1117 771
NO3 1338 1244 1285 1647 2041 1337 1299 1185 1320 991 1144 602 1751 1032 1215 1093 1804 1437
S0% 553 491 566 714 857 557 552 497 496 377 470 316 763 439 506 482 792 607
Als 4.2 5.7 7.0 9.6 13 6.5 7.9 8.2 13 8.0 5.6 4.4 9.4 5.6 6.5 8.1 13 5.8
Ass 0.41 0.43 0.53 0.50 0.84 0.49 0.37 0.42 0.42 0.38 0.45 0.30 0.71 0.36 0.37 0.46 0.62 0.35
Bas 2.9 3.2 2.9 3.4 3.5 4.4 3.9 3.8 2.6 2.3 2.9 1.7 3.8 1.8 2.7 2.8 3.4 6.7
Bis 0.019 0.019 0.022 0.027 0.034 0.021 0.025 0.025 0.019 0.013 0.019 0.014 0.034 0.020 0.021 0.022 0.033 0.019
Co_s 0.024 0.033 0.033 0.034 0.049 0.034 0.032 0.032 0.037 0.032 0.028 0.019 0.058 0.026 0.047 0.039 0.045 0.037
Crs 0.17 0.22 0.20 0.23 0.31 0.21 0.19 0.18 0.21 0.19 0.20 0.14 0.30 0.17 0.20 0.21 0.28 0.22
Cs_s 0.018 0.020 0.022 0.023 0.031 0.021 0.019 0.018 0.019 0.019 0.018 0.012 0.030 0.018 0.017 0.020 0.031 0.022
Cus 4.2 4.8 4.0 5.8 7.3 6.1 6.8 4.3 3.9 7.5 3.8 2.5 6.9 3.4 5.8 5.1 5.2 13
Fes 10 15 14 16 22 13 14 11 13 12 14 6.4 24 11 16 14 21 17
Lis 0.028 0.051 0.047 0.049 0.069 0.043 0.040 0.040 0.042 0.050 0.041 0.023 0.073 0.037 0.039 0.044 0.070 0.053
Mn_s 2.4 2.7 2.6 2.9 3.9 2.8 2.8 2.5 2.4 2.7 2.3 1.4 4.0 2.2 2.6 2.7 3.6 3.5
Mo_s 0.29 0.34 0.30 0.36 0.50 0.40 0.32 0.30 0.32 0.38 0.33 0.23 0.43 0.26 0.30 0.32 0.42 0.37
Pbs 0.91 1.1 1.3 1.4 2.0 1.1 1.1 1.2 1.2 0.8 1.1 0.57 2.0 11 1.0 1.4 2.0 0.8
Rb_s 0.21 0.23 0.27 0.27 0.36 0.29 0.26 0.22 0.25 0.35 0.22 0.16 0.38 0.24 0.27 0.29 0.37 0.22
Sb_s 0.41 0.47 0.45 0.54 0.67 0.51 0.55 0.41 0.41 0.44 0.39 0.27 0.75 0.39 0.47 0.49 0.63 0.66
Se_s 0.31 0.32 0.38 0.41 0.51 0.47 0.31 0.39 0.34 0.38 0.32 0.27 0.51 0.35 0.33 0.38 0.59 0.42
Sn_s 0.14 0.16 0.15 0.19 0.23 0.16 0.16 0.14 0.15 0.11 0.13 0.076 0.23 0.13 0.16 0.16 0.21 0.18
Srs 1.1 1.5 1.2 1.3 1.6 1.3 1.2 1.3 1.1 1.5 1.0 0.7 1.6 1.0 1.1 1.1 1.7 1.4
Tis 0.078 0.090 0.090 0.12 0.17 0.10 0.090 0.082 0.11 0.076 0.10 0.053 0.18 0.081 0.11 0.093 0.15 0.11
Tls 0.019 0.022 0.023 0.025 0.034 0.023 0.021 0.020 0.020 0.019 0.019 0.015 0.035 0.019 0.020 0.024 0.034 0.023
Ali 69 151 134 126 87 128 164 86 124 153 123 67 129 64 54 104 104 76
Ce i 0.19 0.18 0.14 0.16 0.20 0.13 0.18 0.13 0.16 0.19 0.11 0.10 0.19 0.11 0.14 0.14 0.19 0.17
Fe i 242 270 214 301 266 250 394 226 219 323 192 154 350 165 306 232 285 649
Lii 0.061 0.056 0.054 0.054 0.068 0.053 0.072 0.054 0.065 0.075 0.059 0.033 0.078 0.050 0.051 0.061 0.066 0.048
Mn_i 3.0 4.0 3.2 3.7 3.7 3.2 4.3 3.0 3.0 4.2 2.9 2.4 4.4 2.4 3.3 3.0 3.8 5.6
Mo_i 0.27 0.36 0.28 0.37 0.37 0.33 0.45 0.25 0.31 0.49 0.28 0.22 0.48 0.20 0.39 0.31 0.40 0.71
Nb_i 0.028 0.031 0.027 0.035 0.035 0.028 0.040 0.030 0.028 0.045 0.024 0.023 0.048 0.021 0.033 0.033 0.032 0.080
Sb_i 0.81 1.2 0.85 1.0 1.1 0.65 1.2 0.90 0.85 1.1 0.78 0.87 1.5 0.79 0.88 1.1 1.0 1.8
Sn_i 1.7 2.1 1.9 2.5 2.5 1.8 2.9 1.9 1.7 2.5 1.4 1.4 3.2 1.5 2.4 2.3 2.4 5.1
Ui 0.0030 0.0045 0.0034 0.0036 0.0054 0.0034 0.0048 0.0035 0.0048 0.0047 0.0040 0.0027 0.0045 0.0038 0.0039 0.0035 0.0048 0.0046
Vi 0.22 0.16 0.22 0.22 0.28 0.18 0.25 0.16 0.14 0.30 0.17 0.15 0.25 0.18 0.25 0.19 0.34 0.28
Wi 0.022 0.043 0.042 0.037 0.068 0.030 0.034 0.037 0.036 0.055 0.035 0.029 0.062 0.029 0.058 0.046 0.056 0.041
Zri 0.45 0.50 0.36 0.54 0.50 0.44 0.76 0.44 0.40 0.63 0.36 0.30 0.64 0.28 0.53 0.42 0.48 1.2
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Table 5
Concentrations of PM; mass (pg m~3) and PM;, chemical compounds (ng m~3) obtained at the 17 sampling sites in Amersfoort and at the regulatory reference site (RS) in Utrecht in the winter monitoring period.
MR JA KE JO CcOo EL DE SA oS DI MT CH ED MA ES WI MN RS
PM;o 22 20 20 19 30 23 21 19 20 18 17 13 34 18 21 21 29 24
WSOC 5011 4755 5175 5430 6510 5525 5070 4875 5220 1977 4057 2422 6960 3990 5550 4170 6780 5040
LVG 1772 1212 1270 1803 2451 1590 1165 1374 1657 763 1383 863 2764 1424 1465 1404 2291 1344
Ca?* 127 99 126 95 133 176 154 103 203 180 133 77 141 106 94 82 257 173
Ccl 1376 1239 1224 688 1609 1725 1141 1072 1120 1375 1447 680 1821 996 1101 966 1659 1577
K" 648 384 364 279 519 430 265 342 488 304 297 159 460 209 222 230 374 380
Mg2 ' 142 117 104 71 143 118 104 102 129 89 96 62 160 90 93 92 143 140
Na' 821 715 784 532 956 947 709 675 1076 695 662 452 1083 635 677 657 1078 980
NHj 1346 1093 1186 1363 1395 1453 1244 1161 1172 592 836 669 1786 1120 1398 1107 1350 1424
NO3 3763 3482 3406 3867 5637 4278 3500 3168 3391 2337 2272 2005 5751 3240 3832 3235 5708 4054
S03 1528 1292 1256 1212 1981 1754 1158 1243 1204 701 939 762 1927 1075 1309 1089 1837 1445
Als 22 19 13 19 23 15 16 14 17 13 11 9.6 22 8.4 14 11 18 16
Ass 0.39 0.34 0.62 0.51 0.65 0.50 0.31 0.43 0.51 0.26 0.47 0.30 0.91 0.42 0.33 0.32 0.70 0.34
Bas 35 25 15 14 22 14 15 19 30 20 15 7.6 25 11 13 13 19 22
Bis 0.48 0.62 0.34 0.37 0.61 0.33 0.35 0.34 0.37 0.35 0.31 0.13 0.59 0.24 0.28 0.26 0.45 0.40
Co_s 0.029 0.039 0.033 0.030 0.041 0.034 0.029 0.034 0.023 0.024 0.025 0.020 0.060 0.026 0.055 0.034 0.050 0.037
Crs 0.67 0.54 0.43 0.47 0.77 0.47 0.43 0.44 0.44 0.41 0.41 0.29 0.78 0.35 0.43 0.41 0.62 0.54
Cs_s 0.028 0.026 0.029 0.033 0.040 0.030 0.028 0.026 0.029 0.013 0.026 0.020 0.047 0.025 0.030 0.026 0.042 0.029
Cus 18 14 9.1 8.4 16 12 13 10 8.7 13 8.7 5.5 17 6.8 10 8.3 14 20
Fes 14 17 20 16 31 21 18 17 13 11 12 12 37 14 24 20 27 21
Lis 0.059 0.066 0.054 0.041 0.080 0.064 0.061 0.054 0.058 0.046 0.053 0.033 0.096 0.048 0.058 0.051 0.084 0.064
Mn_s 2.8 2.7 2.8 2.4 4.0 3.2 2.8 2.6 2.4 2.1 2.1 1.7 4.4 2.3 3.0 2.4 3.7 3.7
Mo_s 0.32 0.33 0.33 0.38 0.50 0.41 0.33 0.26 0.33 0.28 0.30 0.25 0.51 0.29 0.37 0.30 0.51 0.37
Pbs 1.4 1.4 1.7 1.8 2.5 1.7 1.3 1.3 1.6 1.1 1.2 1.2 3.8 1.4 1.7 1.5 2.5 1.1
Rb_s 0.43 0.37 0.36 0.40 0.51 0.38 0.35 0.31 0.32 0.31 0.33 0.30 0.56 0.38 0.29 0.26 0.41 0.32
Sb_s 0.48 0.46 0.52 0.54 0.72 0.58 0.50 0.45 0.45 0.37 0.40 0.34 0.86 0.46 0.62 0.48 0.74 0.67
Se_s 0.50 0.43 0.45 0.57 0.75 0.54 0.41 0.36 0.44 0.31 0.38 0.32 0.74 0.39 0.54 0.43 0.70 0.46
Sn_s 0.21 0.20 0.24 0.29 0.32 0.24 0.21 0.19 0.23 0.15 0.16 0.11 0.31 0.20 0.33 0.22 0.42 0.24
Srs 14 8.4 4.7 4.5 8.9 5.6 6.7 5.3 11 9.1 5.4 2.6 9.3 4.1 4.1 4.3 6.8 8.3
Tis 0.16 0.14 0.15 0.17 0.27 0.17 0.14 0.17 0.14 0.11 0.11 0.089 0.25 0.13 0.17 0.14 0.26 0.18
Tls 0.025 0.023 0.029 0.033 0.038 0.030 0.024 0.022 0.024 0.015 0.023 0.018 0.044 0.023 0.026 0.023 0.037 0.026
Ali 115 120 132 58 63 79 93 102 108 95 81 31 72 105 32 83 71 119
Ce i 0.29 0.18 0.12 0.10 0.16 0.15 0.16 0.17 0.13 0.17 0.13 0.093 0.19 0.10 0.13 0.16 0.16 0.21
Fe i 248 178 180 150 253 267 324 210 187 211 153 132 250 174 224 246 217 508
Lii 0.052 0.041 0.034 0.026 0.044 0.047 0.059 0.022 0.022 0.035 0.027 0.019 0.028 0.021 0.020 0.038 0.049 0.045
Mn_i 3.3 2.7 2.8 2.2 3.2 3.2 3.5 2.7 2.5 3.2 2.3 1.9 3.1 2.4 2.5 3.2 2.8 4.8
Mo_i 0.28 0.29 0.26 0.19 0.37 0.37 0.45 0.27 0.23 0.30 0.22 0.20 0.39 0.25 0.31 0.33 0.26 0.59
Nb_i 0.033 0.031 0.023 0.019 0.029 0.034 0.050 0.025 0.020 0.026 0.021 0.024 0.047 0.029 0.037 0.032 0.029 0.081
Sb_i 0.95 0.85 0.76 0.63 1.0 1.0 1.3 0.64 0.77 0.73 0.64 0.85 1.4 1.0 0.94 1.0 0.97 1.8
Sn_i 2.4 2.1 2.0 1.9 2.8 2.6 3.2 2.0 1.7 1.9 1.6 1.5 3.0 1.9 2.5 2.5 2.6 4.6
Ui 0.0025 0.0047 0.0039 0.0017 0.0033 0.0033 0.0040 0.0051 0.0036 0.0030 0.0025 0.0026 0.0030 0.0033 0.0022 0.0046 0.0036 0.0045
Vi 0.31 0.11 0.22 0.16 0.23 0.23 0.31 0.17 0.11 0.21 0.22 0.20 0.23 0.11 0.20 0.20 0.22 0.51
Wi 0.038 0.034 0.037 0.025 0.044 0.041 0.047 0.025 0.028 0.042 0.027 0.026 0.053 0.035 0.059 0.041 0.036 0.041
Zri 0.43 0.36 0.32 0.27 0.44 0.48 0.62 0.40 0.28 0.43 0.30 0.28 0.43 0.32 0.39 0.40 0.35 0.84
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Fig. 3. Score (panel a) and loading (panel b) plot of the PCA (PC1/PC2) per-
formed on the concentration data (ng m~3) of PM;, mass and PM;, chemical
compounds obtained at the 17 sampling sites in Amersfoort and at the regu-
latory reference site (RS) in Utrecht in the 5-month monitoring period.

sulfates and/or nitrates), whose production strongly depends on several
chemical and micro-meteorological factors (Pathak et al., 2009) and can
be enhanced by wood burning and fireworks episodes (Cheng et al.,
2014). Therefore, in group E the chemical components that trace the
secondary fraction of PM;o (both inorganic and organic) and PM;o
particles released by biomass burning are clustered. Potassium ion is
also usually deemed to be a reliable wood burning tracer, since it is
produced by the combustion of biomass (Chow et al., 2007). However, it
is plotted in group F instead of group E, because its concentration in
PM;( was affected by the burning of New Year's Eve fireworks.

Second component (PC2) separates all the samples collected in the
December/January monitoring period from the others, since they
showed higher concentrations of K*, Mg2+, Na',Als, Bas, Bis, Crs,
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Cu_s and Sr_s (clustered in the group F), which are tracers of the burning
of fireworks (Wang et al., 2007; Moreno et al., 2010; Tanda et al., 2019).
As a confirmation of this, all these chemical compounds, in the
December/January period, showed RSD > 50% (supplementary mate-
rial S1) at site JO, where one of the two samplers used was stopped from
30/12/2018 to 3/1/2019 to assess the release of PM;( components due
to the New Year's Eve fireworks. From Fig. 4, we can observe the
different contribution in concentration of these compounds at JO due to
the burning of fireworks during the five days in which one of the two
samplers was stopped. These chemical components are contained in salts
used to give white (K*, Mg?" and Als), silver (Mg?*, Als, Cu_s and
Cr_s), yellow (Na'), green (Ba_s), blue (Cu_s) and red (Sr_s) colors to the
fireworks; K, Cu_s and Cr_s are used to provide glitter effects, K' is also
used as rocket propellant, while Mg2+, Al_s and Bi_s are useful common
metallic fuels to produce sparks, glitter and crackling stars (Russell,
2009; Nakatsubo et al., 2014; Tian et al., 2014).

It is worth noting that chromium is present on the vast majority of
the water-soluble species as Cr(VI) (Brown et al., 2014), which has been
classified as ‘Group A carcinogen’ by the U.S. Environmental Protection
Agency (EPA; U.S. Environmental Protection Agency, 1984). Therefore,
water-soluble Cr released by the burning of fireworks might be toxic.
Moreover, PC2 clusters the samples collected at sites DE, ED and RS,
containing higher concentrations of Fe_i, Mn_i, Mo_i, Nb_i, Sb_i, Sn_i, W_i
and Zr_i (clustered in the group B), which were very likely released from
non-exhaust vehicular traffic sources by abrasion and resuspension of
vehicle/train brake disks and pads lining (Abbasi et al., 2012; Querol
et al., 2012; Kam et al., 2013; Namgung et al., 2016; Massimi et al.,
2020Db). In fact, RS is a traffic regulatory reference site in Utrecht, while
DE and ED are sites very close to the Amersfoort highways Al and A28,
respectively (Fig. 1; Table 2).

3.3. Spatial mapping of PM;o source tracers

The spatial distribution of the identified PM;( source tracers was
mapped to delineate and localize the impact of the different emission
sources acting in Amersfoort. Maps of the autumn and winter spatial
distribution of PM;( mass concentration and of one representative tracer
for each identified PM;( source (panel b; Fig. 3) are shown below.

From Fig. 5, we can observe that PM;( mass concentration increased
at all the sampling sites in winter (panel b), due to more frequent epi-
sodes of atmospheric stability (Hendriks et al., 2013) and to the greater
use of biomass domestic heating during the colder period, as previously
discussed. Moreover, the transport of PM;, particles across the study
area seems to have been driven by the predominant wind coming from
the south (Gelaro et al., 2017), since the highest PM;( mass concentra-
tions were recorded at ED, CO, EL and MN (Table 5), which are located
along the south-north direction, in proximity of the two highways and of
townhouses heated by biomass burning appliances (Fig. 1; Table 2),
while the lowest concentrations were recorded at OS, MT, CH and MA
(Table 4).

The elements analyzed in both the water-soluble and insoluble
fraction (Al, Fe, Li, Mn, Mo, Sb and Sn) showed very different spatial
distributions. As an example, the spatial maps of water-soluble and
insoluble Li and Sn are reported in Fig. 6 (panels a-d) and Fig. 7 (panels
a-d), respectively.

From Fig. 6, it can be seen that Li_s concentrations were clearly
higher during the winter period (panel b) in the area where residential
biomass combustion occurred (Fig. 1). The highest values were recor-
ded, here too, at ED, CO, EL and MN (Table 5). The spatial distribution of
Li_s (panels a, b) was almost identical to those of all the identified tracers
of biomass burning (WSOC, LVG, Cs_s, Li_s, Rb_s and Tl _s) and secondary
inorganic ions (NO3, S0%7), thus confirming the prevailing transport of
the particles released from south to north. Spatial maps of all the
analyzed chemical compounds are reported in supplementary material
S4. On the contrary, the insoluble fraction of Li (panels c, d), a soil
resuspension tracer (Canepari et al., 2008; Pant and Harrison, 2013;
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Fig. 5. Map of the autumn (panel a) and winter (panel b) spatial distribution of PM;o mass concentration.

Massimi et al., 2020b), showed a completely different seasonal vari-
ability and spatial distribution. In fact, its concentration was higher in
autumn. Low spatial variability was observed for Li i concentrations,
revealing an homogeneous distribution of the soil dust, due to the lack of
intensive soil local sources. A very similar behavior was observed also
for all the other crustal components of PM;o (Ca™, C1~, AL, Ce_i, Li_i, U_i
and V_i).

From Fig. 7, we can observe that the concentrations of Sn_s, a tracer
of industrial emissions (Fernandez-Camacho et al., 2012; Canepari et al.,
2014), were higher at KE, JO, ED, CO, EL, ES and MN, especially in
winter (panel b) due to the stronger atmospheric stability. A practically
identical spatial distribution was noted for all the other identified tracers
of industrial and/or agricultural sources (NH4, As_s, Co_s, Pb_s, Se_s,
Sn_s and Ti_s). Peak concentrations were found at ES and MN (Table 5),
which are sites in the southernmost area; it is thus conceivable that in-
dustrial and/or agricultural sources located further south or at the
southern end of Amersfoort released particles that were transported to
the study area by the predominant south wind. On the other hand, in
autumn (panel c) as well as in winter (panel d), insoluble Sn concen-
trations were found to be higher at sites in proximity of trafficked
streets, traffic lights, roundabouts, railway tracks, train stations and the

highways Al and A28 (Table 2), confirming vehicle/train brake abra-
sion as the main emission source of Sn_i. Indeed, the highest Sn_i con-
centrations were recorded in autumn at JO, DE, ED and ES (Table 4) and
in winter at CO, EL, DE and ED (Table 5), which are all traffic sites.
Concentrations of Sn_i did not considerably increased in winter, since
brake abrasion is a mechanical process less sensitive to seasonal varia-
tions of atmospheric conditions (Canepari et al., 2019). A very similar
spatial pattern was observed also for all the other brake dust tracers
(Fe_i, Mn_i, Mo_i, Nb_i, Sb_i, W_i and Zr_i). Figs. 5 and 6 also show that
water-soluble and insoluble species of Li and Sn were released into the
atmosphere by different sources. This confirms the effectiveness of the
chemical fractionation procedure in increasing the selectivity of the el-
ements as source tracers (Perrino et al., 2010; Massimi et al., 2020Db).

Finally, in Fig. 8, autumn and winter spatial maps of water-soluble Sb
(panels a,b) and Bi (panels c,d) are reported. Water-soluble Sb, as well as
Fe_s, Mn_s and Mo_s, showed a similar spatial distribution to that of the
brake dust tracers in autumn (panel a) and to that of the tracers of in-
dustrial and/or agricultural emissions in winter (panel b). This because
Sb_s was probably released by both industrial (Kim and Jo, 2006;
Mbengue et al., 2014) and non-exhaust vehicular traffic emissions (Garg
et al., 2000; Thorpe and Harrison, 2008).
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Fig. 6. Map of the autumn and winter spatial distribution of water-soluble Li (panels a,b) and insoluble Li (panels c,d).

Water-soluble Bi concentrations were found to be very low in
autumn (panel c¢) and remarkably higher in winter (panel c) at all the
sampling sites, since it was released by the burning of fireworks during
the New Year's Eve, in the December/January monitoring period. In
fact, as previously discussed, Bi_s is used in fireworks as metallic fuel to
produce sparks, glitter and crackling stars. Its homogeneous spatial
distribution reveals the widespread use of fireworks across the study
area. The same behavior was observed also for all the other elements
released by the burning of fireworks (K*, Mg?*, Nat,Als, Ba_s, Crs,
Cu_s and Sr_s).
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4. Conclusions

The study of the autumn and winter spatial distribution of PM;o mass
and PM;( chemical components in Amersfoort allowed us to identify,
through the spatial mapping of chemical tracers of PM emissions, the
main PM; sources acting in the study area, and to evaluate the diffusion
of the PM; particles.

By applying the principal component analysis on the obtained
spatially-resolved data, samples collected in each monitoring period at
the different sites were clustered depending on the concentration vari-
ability of the PMjo chemical compounds. Selective and reliable source
tracers were identified for soil dust (Ca™, C1~, Al i, Ce_i, Li_i, U_i and V_i),
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Fig. 7. Map of the autumn and winter spatial distribution of water-soluble Sn (panels a,b) and insoluble Sn (panels c,d).

brake dust (Fe_i, Fe_s, Mn_i, Mn_s, Mo_i, Mo_s Nb_i, Sb_i, Sb_s, Sn_i, W_i
and Zr i), industrial and/or agricultural emissions (NH4, As_s, Co_s, Fe_s,
Mn_s, Mo_s, Pbs, Sbs, Ses, Sn_s and Ti_s), secondary organic and
inorganic aerosols (WSOC, NO3 and SO%’), biomass domestic heating
(WSOGC, LVG, Cs_s, Li_s, Rb_s and T1_s) and the burning of New Year's Eve
fireworks (K™, Mg2*, Nat,Al s, Ba_s, Bi_s, Cr_s, Cu_s and Srs).

A marked increase in PM;o mass concentration occurred at all the
sites in winter, due to the stronger atmospheric stability and to the
greater use of biomass domestic heating during the colder period. The
transport of PMjq particles across the study area seems to have been
driven by the predominant wind coming from the south.

Each identified source showed characteristic autumn and winter
spatial distributions, depending on the sources strength and on the
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seasonal variation of atmospheric conditions. Soil dust emissions were
found to be higher in autumn and widespread across the study area,
brake dust appeared to be emitted in higher concentrations at the traffic
sites in autumn as well as in winter, as expected. On the contrary, the
chemical compounds contained in PM;q particles released by industrial
and/or agricultural emissions were found to be more concentrated at the
southern end of Amersfoort, especially in winter. A similar behavior was
observed for the secondary organic and inorganic aerosols and for the
biomass burning particles, which were found in higher concentration in
winter, in the southern area, where biomass domestic heating systems
were employed, especially in the colder period. Finally, PM;, particles
released in winter by the burning of New Year's Eve fireworks showed a
homogeneous distribution across the study area.
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This experimental approach proved to be very effective to trace PM;o
sources and to map their seasonal and spatial distribution in areas with
weak emissions of PM, such as Amersfoort. Furthermore, it allowed us to
overcome the limits connected to the study of PM diffusion through the
use of mathematical models and the limits associated to the high cost of
a traditional air quality monitoring network. Moreover, the acquired
geo-referenced and spatially-resolved chemical data can be used in
further studies to evaluate spatial relationships between the concen-
tration of PM; air pollutants and adverse outcomes for human health.
Further investigations are necessary to achieve a full impact assessment
of the PM;( sources in the study area and to plan the mitigation mea-
sures that are needed to protect citizens health.
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Fig. 8. Map of the autumn and winter spatial distribution of water-soluble Sb (panels a,b) and water-soluble Bi (panels c,d).

This approach promises to be a powerful tool for obtaining seasonal
and spatially-resolved information about PM composition and sources in
several study areas that can be integrated with data from existing
monitoring networks for a more reliable geo-referenced assessment of
population exposure to PM, having high impact on the air quality
management.
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