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ABSTRACT

Airborne particulate matter (PM) size fractions PM, 5 10 (coarse), PMy 1_» 5 (fine) and PM, ; (ultrafine) were collected
from a site affected by high traffic and a city background site within the city of Trondheim, Norway during spring and
winter periods. Concentrations of a range of elements in the different size fractions were determined using high-
resolution inductively-coupled plasma mass spectrometry (HR-ICP-MS), and bioaccessibility of the elements was
assessed by extraction in Gamble's solution (GMB) and artificial lysosomal fluid (ALF).

Samples from the trafficked site generally showed higher PM and HNOj soluble element concentrations than those
from the background site. Concentrations of the typical crustal elements Sc, Al, and W were higher in PM collected
in spring (March—April) than in winter (December—January), whereas concentrations of most of the assumed primarily
vehicle-derived elements, namely As, Cd, and Cu were highest in winter.

Principal component analysis (PCA) indicated re-suspension of soil-derived elements and motor vehicle emissions as
the major sources of most elements. Enrichment factor values were particularly high for Sb, indicating this element
as a valuable marker for vehicular road traffic emissions.

The solubility was highly variable among the elements, but overall considerably higher in ALF compared to GMB. In-
terestingly, most elements had lower solubility in the ultrafine than in the fine size fraction. In conclusion, the levels of
PM and its elemental components are generally quite low in Trondheim, but certain elements including Tl, As, W, Sb,

and Cu may be readily soluble within the lung and thereby bioaccessible and of potential toxicological concern.

1. Introduction

Air pollution, and particularly airborne particulate matter (PM) compo-
nents, is a major environmental health issue especially in urban areas and is
responsible for a considerable proportion of deaths and disease worldwide
[1]. Exposure to PM is associated mainly with respiratory and cardiovascu-
lar mortality and diseases [2-4].

PM originates from various sources, both natural, such as suspended soil
particles, and anthropogenic, including motor vehicles, industrial activities
and domestic stove heating. Primary particles are emitted directly into the at-
mosphere, whereas secondary particles are formed through chemical reac-
tions. These complexities in origin and physicochemical processes result in
large spatial and temporal variations in atmospheric concentration, size distri-
bution, and chemical composition of PM. PM is generally classified into coarse,
fine, and ultrafine particles according to aerodynamic diameter, based on the
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depth in the respiratory system to which the particles are likely to penetrate
and deposit. The coarse fraction, often denoted PM, 5 14, comprises all parti-
cles with aerodynamic diameter between 2.5 and 10 um, which are likely to
reach and deposit in the bronchi. Fine PM is particles with aerodynamic diam-
eter between 0.1 and 2.5 pm, which primarily deposit in the terminal bronchi
and alveoli, whereas the ultrafine fraction consists of particles <0.1 pm, which
are able to penetrate deeper into the lungs, and may also cross the air-blood
barrier [5]. Thus, particle size is one of the main determinants for deposition
in the respiratory tract, and thus for PM toxicity. Ultrafine particles are of spe-
cial concern due to their ability to enter the blood stream directly and have po-
tential adverse effects on cardiovascular conditions. Moreover their high
particle number by mass and surface to volume ratio provide numerous poten-
tial binding sites for easily soluble chemical components.

Numerous studies have attempted to determine which components of
PM are responsible for the observed adverse health effects. Some elemental
components have been considered to be likely causative agents in PM tox-
icity, primarily due to their ability to directly or indirectly produce reactive
oxygen species (ROS) in biological tissues [6,7].

While the majority of studies investigating elemental composition of
PM measured the total atmospheric concentrations, information on the sol-
ubility of elements is important since this fraction is likely to be the most
bioaccessible, i.e. available for uptake in cells, and thereby potentially
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exerting toxicity [8-10]. Simulated lung fluids (SLFs) offer valuable tools in
assessment of elemental PM component bioaccessiblity. Investigating ele-
ment solubility in SLFs is preferable to simpler chemical leaching with
agents such as water or weak acids since the former mimic the actual bio-
logical fluids found in the lungs in a relatively simple and inexpensive
way. Gamble's solution (GMB) has a composition that simulates the intersti-
tial fluid within the deep lung under normal health conditions, whereas ar-
tificial lysosomal fluid (ALF) represents the acidic intracellular conditions
in lung cells following phagocytosis under stressed conditions [11-13].
SLFs have been used extensively to investigate the bioaccessibility of indus-
trially produced compounds [11,14]. In recent years, a number of studies
have utilized SLFs to assess the bioaccessibility of PM samples. Colombo
etal. [15] and Zereini et al. [16] used GMB and ALF to investigate the mo-
bility of platinum group elements in PM. Wiseman and Zereini [17]
assessed the solubility of several metals and metalloids in different size frac-
tions of urban PM. Although extraction in SLFs is a well established meth-
odology for studying bioaccessibility of PM constituents, more knowledge
is needed regarding the total concentrations and solubility of a wider
range of PM elemental components at different sites and seasons. Relatively
few studies have included the ultrafine size fraction in metal content studies
of urban PM, and there is a particular scarcity of studies that compare the
coarse, fine, and ultrafine fractions.

The aims of the present study were to investigate the levels of a range of
elemental components of PM within the coarse, fine and ultrafine size fractions
at two different urban sites within the city of Trondheim, Norway, and to as-
sess the origin of these elements using enrichment factors (EFs) and principal
component analysis (PCA), and their bioaccessibility using GMB and ALF.

2. Methods
2.1. Description of test sites

Trondheim is the fourth most populated urban area in Norway, with a
population of 177,617 in January 2016 [18]. PM, 5 10 (coarse), PMy 15 5
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(fine), and PM, ; (ultrafine) aerosol fractions were collected from two mu-
nicipal air measurement stations within Trondheim, representing two dif-
ferent exposure scenarios: Elgeseter station is located at street level
nearby a main road, whereas Torget is the urban background station,
placed 15 m above ground level on the roof of Torget shopping mall in
the city center (Fig. 1) [19]. Elgeseter street is the most heavily trafficked
road in Trondheim, with a daily average of 20,500 passing motor vehicles.
Torget represents city background levels where the primary background
PM sources involve emissions from bus traffic and domestic heating. Atmo-
spheric PM;o, PM, s and NO, concentrations are measured routinely at
these two stations according to the European Union Directive 2008/50/
EC [20]. At Elgeseter all measurement and collection equipment is placed
inside a temperature-regulated stall, whereas at Torget the sampling equip-
ment is housed in a separate temperature-controlled locker (Industriell
Maleteknikk, Norway). The Norwegian Public Roads Administration and
Trondheim Municipality operate Elgeseter and Torget stations,
respectively.

2.2. Collection and preparation of PM samples

PM samples were collected during five consecutive periods in spring
(March-April 2014) and in winter (December 2014 to January 2015) si-
multaneously at Elgeseter and Torget stations, yielding a total of 60 sam-
ples; five samples from each site during each season within each of the
three size fractions (PMs.5_19, PMg.1_2.5, and PM ;). Sample collection
and analysis which included all three size fractions had to be limited to
shorter time periods to limit costs. PM, ; samples were collected and ana-
lyzed as part of the same project for an extended time period; results from
this work are presented in a separate article [21]. In urban areas in
Norway, PM concentrations are typically elevated in periods during winter
when emissions from sources such as wood burning and road salt and sand
are higher, and in spring when the roads dry up and exposed silt is resus-
pended. The duration of sampling for individual samples varied from 144
to 216 h to ensure sufficient particle mass on the filters for analysis,
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Fig. 1. Map showing the two test sites for PM collection: Elgeseter and Torget.
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depending on expected ambient PM concentrations based on season, tem-
perature, precipitation and road dust reduction measures taken.

PM was collected with Moudi cascade impactors model 100-S4 Special
from MSP/Copley Scientific, equipped with pressure gauges and flow me-
ters model DFM2000, both from Copley Scientific, and low capacity
pumps model LCP5 from Copley Scientific or membrane pumps. The flow
rate used was 30 = 1 L/min. The impactors were placed at each measure-
ment station, and connected to TSP inlets from Digitel with 1 m long tubes,
resulting in the inlets being about 4 and 17 m above the ground at Elgeseter
and Torget, respectively. The impactors had cut-points of 18, 10, 2.5 and
0.1 pm, thereby separating the PM into five stages: >18, 10-18, 2.5-10
(coarse), 0.1-2.5 (fine), and <0.1 um (ultrafine fraction), with one filter
at each impaction stage. Element contents and solubility in SLFs were deter-
mined in samples from the last three stages, which correspond to PM, 5 10,
PMy 125, and PM 5, respectively. Zefluor PTFE filters from VWR with pore
size of 2.0 pm and diameter 47 mm were used as impaction substrates.

Gravimetric determination of particle mass was performed according to
European Standard EN 12341:2014 [22]. The filters were weighed prior to
and after particle loading. Unloaded and loaded filters were conditioned for
48 h prior to weighing, and then for another 24 h before weighed a second
time; the maximum acceptable difference between these two masses was
set to 0.5 mg. The methodology for the gravimetry is explained in further
detail in the Supplementary Material. Particle mass was calculated by
subtracting the average unloaded from the loaded filter mass. After
weighing, the filters were stored in the petri dishes in an ISO 6 cleanroom
until assembly in the impactors for the unloaded (no >28 days) or SLF ex-
traction for the loaded filters.

2.3. Simulated lung fluid (SLF) preparation and extraction

The SLFs were prepared in Teflon bottles according to Herting et al.
[11], with ALF among other constituents containing citric acid. pH was ad-
justed using NaOH (50%) and HCl (25%), to 7.4 and 4.5 for GMB and ALF,
respectively. Filters loaded with PM were then cut in half with steel scissors
or a scalpel, and placed inside polyethylene vessels (15 mL) using plastic
tweezers. 5 mL test media was added to the filter pieces that contained on
average about 0.5 mg particles. The vessels were placed in an incubator
and subjected to bilinear shaking at 125 cycles per min. at 37 + 0.5 °C
for 24 h. At the end of the extraction period pH was measured in selected
samples to check that pH in the test media had not changed significantly.
After incubation the filters were removed using plastic tweezers and placed
in 15 mL polyethylene vessels, after which the solutions were centrifuged
for 10 min. at 710 relative centrifugal force (rcf).

2.4. Determination of elements by ICP-MS

The supernatant was decanted into a 15 mL polyethylene vessel, acidi-
fied with concentrated HNO; and diluted with deionized water to 0.6 M
HNO; for element analysis. 2 mL 50% v/v HNO3; was added to the precip-
itate, before transferring it to a 18 mL Teflon UltraClave vessel, and the pre-
cipitate was dissolved together with the filter using an UltraClave
ultrawave-assisted autoclave (Milestone) in which the temperature and
pressure rose gradually to 245 °C and 160 bar. After dissolution the samples
were diluted with deionized water to a final HNO5 concentration of 0.6 M,
and then transferred to cleaned 15 mL polyethylene tubes. Acidified super-
natant and precipitate samples were stored at room temperature until ele-
ment analysis.

Concentrations of elements in supernatant and precipitate samples were
determined using high-resolution inductively-coupled plasma mass spec-
trometry (HR-ICP-MS, Thermo Finnigan Element 2 from Thermo Fisher Sci-
entific). Thus, concentrations in supernatant samples represented the
element fraction that was soluble in SLFs (Gamble's solution and ALF),
whereas the sum of the concentrations in supernatant and precipitate sam-
ples represented the HNOj3 soluble or “pseudototal” element fraction. An
SC-FAST flow injection system for SC-4 from ESI was used. Two multi-
element solutions (PS-CIBrI and PS-70, both from ESI) were used: One as
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a calibration solution used prior to sample introduction and then after
every tenth sample, and one as a quality control sample to test for accuracy.
Three different dilutions of the calibration solution were prepared and
used. An internal standard (rhenium, 1 pg/L) was automatically added to
each sample. To avoid interferences three different mass resolutions were
applied: low (400), medium (4000), and high (10000). The elements deter-
mined were: Ag, Al, As, Au, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Fe,
Ga, Hf, Hg, Ho, Ir, La, Li, Lu, Mg, Mn, Mo, Nb, Nd, Ni, Pb, Pr, Pt, Rb, Sb, Sc,
Si, Sm, Sn, Sr, Ta, Tb, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, and Zr. Limits of
detection (LODs) were calculated as three times the standard deviation of
element concentrations in the blank sample replicates. The instrumental
limits of quantitation (LOQs) for each element correspond to the concentra-
tions which yield relative standard deviations (RSDs) of 25%.

2.5. Quality control

Measures were taken to minimize contamination during all stages of the
experimental process (see Supplementary Material).

The Moudi cascade impactors stage bodies were cleaned regularly in de-
ionized water and methanol to ensure that the pressure did not drop signif-
icantly, and flow meters were calibrated yearly, all in accordance with
recommendations from the suppliers.

Field blank samples consisted of filters that were conditioned, weighed,
stored, transported to the test sites and assembled in the impactors in the
field but without adding flow, and extracted by the same methods as the
PM sample filters. Urban Particulate Matter (UPM) 1648a from NIST,
Urban Aerosols (UA) No. 28 from NIES, and Polish Virginia Tobacco Leaves
(PVTL) 6 from ICHTJ were used as standard reference materials (SRMs).
SRM samples (1.5-50 mg) were extracted following the same procedure
as the particulate and blank samples. ICP-MS precision was estimated by
analyzing the same sample three times and calculating relative standard de-
viations (RSDs), whereas reproducibility of filter element concentrations
was checked by cutting filters in two from the different test sites and size
fractions and treating the two halves identically (five filters for each size
fraction and for each type of SLF). Elements present at low concentrations
with significant proportions below detection limits, with high RSDs, poor
reproducibility, and/or with low SRM recovery were excluded from further
analysis.

The analytical precision was satisfactory for most of the elements stud-
ied, with mean relative standard deviations (RSDs) below 10% (results not
shown). Pt was the most notable exception, with RSDs generally above
35%, and it was therefore excluded from further discussion. Cd, T1, and
As had mean RSDs between 10 and 35%. Mean RSDs were generally higher
in SLF-soluble than in insoluble fraction samples. Reproducibility was gen-
erally satisfactory, with ratios between replicate samples typically between
0.7 and 1.3, and Pearson correlation coefficients above 0.6 for the elements
studied (results not shown). Correlation coefficients were generally lower
for dissolved than for precipitate fraction samples. SRM results indicated
overall somewhat low and variable recoveries for most elements for the ex-
traction methods used (Table 6): UPM 1648a showed overall low recover-
ies, typically between 40 and 60%, whereas UA No. 28 gave recoveries of
about 10 to 20 percentage points higher for the same elements.

2.6. Statistical analysis

Enrichment factors (EFs) were used as indicators of sources of elemental
constituents of the PM samples [23], and were estimated according to the
following formula:

EFX = ([X]sample/[Al]sample)/([X]crust/[Al]crusl)

where X is the element under consideration using Al as the reference ele-
ment, and the average crustal concentrations used accordingly to Mason
and Moore [24]. EF values may provide information on the proportion of
airborne elements originating from anthropogenic sources. Values larger
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than 1 imply some anthropogenic contribution, and EF > 10 strongly indi-
cates that the element in question is predominantly of anthropogenic origin
[25].

Differences in element HNOj soluble concentrations between test sites
and solubility in GMB and ALF were investigated using the nonparametric
Mann-Whitney U test. Statistical significance is denoted at the 0.05 p-value
throughout. Correlations between elemental HNOj3 soluble contents were
examined using principal component analysis (PCA) to investigate and
identify possible sources of the PM. PCA was performed on scaled and cen-
tered concentration data. The validity of the PCA models was assessed with
Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO) and Bartlett's
Test of Sphericity (Bartlett's test), as well as with split-sample validation.
Correlation biplots were constructed with coefficient 1, meaning that the
length of the variable vectors correspond to the standard deviations. Ele-
ment concentration values below the LODs were imputed by a method of
constrained maximization of the Shapiro-Wilk W statistic [26]. Element
variables for which the Pearson correlation coefficients for replicates after
dissolution in HNO3 were below 0.7 were excluded from simulated lung
fluid solubility analysis. Statistical treatment was conducted with SPSS
22.0, XLStat 2015.2.02, and R 3.2.0.

3. Results and discussion
3.1. PM levels

Total PM concentrations within the coarse (PMs 5_10), fine (PMg 1_55),
and ultrafine (PMy ;) size fraction at the two measurement stations, col-
lected during spring and winter season, were generally low (Table 1). The
concentrations varied substantially, and the data were right-skewed and
lognormally distributed, as shown by tests of normality and probability
plots (not shown). As expected, except for PM, 5 1 in winter, levels were
overall higher at the Elgeseter roadside station compared to the Torget
urban background station, especially in the coarse fraction, but none of
these differences were statistically significant at the 0.05 level. At Elgeseter,
median PM, 5 10 concentrations were 2.3 times higher in spring than in
winter samples, statistically significant at the 0.05 level, whereas concen-
trations in spring and winter were similar at Torget. On the other hand,
PMy 125 and PMy; concentrations were highest in winter, both at
Elgeseter and Torget. This is consistent with municipal routine air quality
measurements, which show that PM, 5 concentrations generally are highest
during the winter season, whereas the PM, 5_; fraction levels usually peak
at short periods during spring (March-April) [19].

Of the three size fractions investigated, coarse mass concentrations in
air were highest, followed by fine and finally ultrafine mass concentrations.
Several other studies measuring mass concentrations in different PM size
fractions in urban areas report considerably higher PM levels and often
the highest mass concentrations in the fine fraction; for instance,
Gugamsetty et al. [27] reported average PM; o, PM, 5 and PM, ; concentra-
tions of 39, 22, and 1.4 ug/m3, whereas Lin et al. [28] found mean air con-
centrations of 51, 140, and 31 pig/m® in the same fractions near a heavily
trafficked road. Thus, particle size distributions show considerable spatial
variations in urban areas, depending on type of and distance to particle

Table 1
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emission sources. However, relatively few studies have included PMy ;,
and especially size fraction distributions between coarse, fine and ultrafine
fractions.

All recorded values were well below the limit values set by the EU Direc-
tive 2008/50/EC [20] of 40 jvtg/m3 for a calendar year for PM; o (which cor-
responds to the sum of the PM, 5_19, PMy 1_5 5 and PM ; size fractions) and
correspondingly 25 ug/rn3 for PM, 5 (the sum of PMg ;_» 5 and PMy 1). How-
ever, the sampling periods use in the present study (144-216 h) do not
allow for direct comparison to these limit values; concentrations may
have been elevated during short time periods. Indeed, municipal routine
measurements showed exceedances of the PM;, daily limit value of
50 ug/m° on certain days both at Elgeseter and Torget during the collection
period [19]. No 24-hour value exists for PM, 5, and limit values for PM ;
have not been established. Environmental health studies have, however,
found associations between long-term exposure to chronic PM, 5 levels
below EU regulatory limit values and mortality [1,29].

3.2. Uncertainties

The PM; o and PM, 5 atmospheric concentrations measured in this study
were typically 40-60% of the routine measurements conducted by Trond-
heim Municipality and the Norwegian Public Roads Administration during
the same time periods (results not shown), indicating that the sampling ef-
ficiency of the cascade impactors used was low. Possible bounce of particles
and resulting contamination of lower size impaction stages of larger parti-
cles was examined in representative samples using scanning electron mi-
croscopy (SEM). The SEM analysis showed that the collected particle
samples seemed for the most part to contain particles within the correct
size range, with only a very small number of larger contaminating particles.
This examination is presented in more detail in the Supplementary Mate-
rial. Also, the HNO3 soluble fractions measured in this study might under-
estimate the total element concentrations in the samples. Recoveries for
the HNOs soluble fractions for the SRM Urban Aerosols No. 28 (NIES),
and for both HNO5 and HF soluble fractions for Soil GBW 07408, are sum-
marized in Supplementary Table 4.

For some of the elements included in the SLF analysis considerable pro-
portions of the concentration values, especially for supernatant (SLF solu-
ble) fraction samples, were below the respective LOQ values (Tables 7-9).
Results for which supernatant and/or precipitate (HNO3 soluble) concen-
trations were below the corresponding LOQ were not included in the solu-
bility calculations. SLF solubility values for elements in SRM (NIST 1648a),
compared to certified values, were overall considerably lower compared to
those obtained for the studied PM samples for several of the elements stud-
ied (Table 10). For SRM samples, the highest solubility was observed for As
(GMB: mean 19 #+ 13%; ALF: 43 = 29%) and the lowest for Cr, Ce, Al, and
Pb. As found for the PM samples collected in the study, element solubility
was substantially higher in ALF than in GMB.

3.3. PM elementual constituents

Levels of the element constituents within all three size fractions of PM
were variable, but overall low; in the pg/m® range for most elements

Total airborne particulate matter (PM) contents (in pug/m®) in road traffic (Elgeseter) and city background (Torget) samples, in coarse (PMy 5 10), fine (PMo 1_» 5), and ultrafine

(PMy ;) size fractions. N = 5 from each site and season for each size fraction.

Spring Winter Spring/winter
median ratio
Elgeseter Torget Elgeseter Torget Elgeseter Torget
Median Mean SD Range Median Mean SD Range Ratio Median Mean SD Range Median Mean SD Range Ratio*
PM,5.10 3.9 49 29 2297 2.2 2.0 1.1 0.39-32 24 1.7 1.8 06 1.1-26 1.5 21 15 0.70-3.8 0.9 2.3 1.5
PMy 125 1.1 1.3 0.7 0.68-2.6 1.4 1.2 0.7 0.02-1.6 1.1 2.3 23 06 1.3-28 2.0 1.9 04 1.3-24 1.2 0.5 0.7
PM, 1 1.2 1.5 0.8 0.74-29 0.90 092 02 077-1.2 16 1.3 1.5 0.7 0.67-2.6 1.0 1.2 03 0.84-16 1.3 0.9 0.9

* Ratios in bold signify statistically significant differences between the spring and winter values at the 0.05 level, calculated using the Mann-Whitney U test.
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Table 2
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Total element contents (in [ig/g, unless otherwise stated) in road traffic (Elgeseter) and city background (Torget) PM, 5 _; samples, collected in spring and winter (N = 5 from
each site and for each season). p-Values in bold signify statistical significance at the 0.05 level, whereas p-values in bold and italic signify statistical significance at the 0.01

level.

Spring Winter Spring/winter ratio

Elgeseter Torget Elgeseter Torget Elgeseter Torget

Median IQR* Median IQR Median IQR Median IQR LOD" % < LOD
Al (mg/g) 38 32-39 26 26-32 11 11-13 12 6.7-18 3.5 2.2 0.08 0
As 4.5 4.1-5.1 4.6 4.5-6.0 7.5 5.9-8.7 7.4 5.6-9.7 0.6 0.6 0.7 0
Cd 0.19 0.18-0.23 0.32 0.27-0.33 0.41 0.36-0.46 0.92 0.53-1.4 0.5 0.3 0.07 0
Ce 19 18-22 19 17-20 20 16-26 18 15-23 1.0 1.0 1 0
Co 18 18-19 15 12-17 12 12-16 8.5 7.4-13 1.5 1.8 0.2 0
Cr 130 92-140 89 87-95 190 170-230 130 84-140 0.7 0.7 10 0
Cs 0.98 0.87-1.0 0.93 0.79-1.0 0.56 0.55-0.66 0.93 0.78-1.0 1.8 1.0 0.01 0
Cu (mg/g) 0.57 0.36-0.67 0.35 0.27-0.46 1.2 1.2-2.0 0.83 0.82-0.98 0.5 0.4 0.008 0
Fe (mg/g) 40 37-42 33 26-34 47 33-49 32 16-35 0.8 1.0 0.1 0
Mn (mg/g) 0.59 0.58-0.62 0.47 0.41-0.56 0.52 0.49-0.58 0.55 0.38-0.57 1.1 0.8 0.001 0
Ni 41 35-53 40 34-44 30 28-48 33 31-51 1.3 1.2 5 0
Pb 19 11-35 22 21-30 48 31-69 29 29-30 0.4 0.7 10 0
Pt <0.4 <0.4 <0.4 <0.4-0.09 <0.4 <0.4 <0.4 <0.4 - - 0.4 85
Rb 23 23-26 24 22-26 15 13-16 18 12-20 1.6 1.4 0.3 0
Sb 88 47-100 43 32-59 150 120-240 90 52-93 0.6 0.5 0.1 0
Sc 11 10-12 7.1 6.6-11 3.1 3.0-3.9 1.9 1.7-4.9 3.6 3.8 0.05 0
Sn 100 76-110 96 52-120 190 180-280 100 39-100 0.5 1.0 20 0
Sr 96 92-130 120 81-150 200 130-210 150 140-390 0.5 0.8 50 5
Th 2.6 2.4-2.6 2.2 2.2-2.4 1.3 1.2-1.4 0.87 0.67-1.5 1.9 2.5 0.02 0
Tl 0.18 0.15-0.19 0.16 0.15-0.16 0.10 0.10-0.13 0.10 0.09-0.17 1.8 1.6 0.007 0
\ 110 98-110 72 67-98 46 39-51 28 21-60 2.4 2.6 0.3 0
w 38 33-42 27 23-34 14 13-17 11 7.1-19 2.8 2.4 0.1 0
Zn (mg/g) 0.37 0.26-0.47 0.46 0.29-0.46 0.76 0.54-0.81 0.57 0.44-0.72 0.5 0.8 0.06 0

# Interquartile range
b Limit of detection.

(Supplementary Material; Tables 1-3). Fe, Al, and Ti were the major con-
stituent elements of the PM, with concentrations in the ng/m? up to g/
m? range, followed by Zn, Cu, Mn, Ba, and Sr. Airborne element constituent
levels were generally higher at Elgeseter compared to Torget station, but
only a few of these differences were statistically significant. Levels of spe-
cific elements in PM were on average considerably higher in spring than

Table 3

in winter samples; this was especially the case for W, Ti, Sc, Al, V, Y, and
Th in the PM, 5_1¢ and PMj ; fractions. On the other hand, PM concentra-
tions of some other elements, notably Pt, Cd, Bi, Cu, and Ba were on average
highest in winter samples in all three size fractions. Other studies investi-
gating elemental components of PM generally reported higher levels than
in this study [27,28,30]. In addition to the presumed underestimation of

Total element contents (in |ig/g, unless otherwise stated) in road traffic (Elgeseter) and city background (Torget) PM, ;_» s samples, collected in spring and winter (N = 5 from
each site and for each season). p-values in bold signify statistical significance at the 0.05 level, whereas p-values in bold and italic signify statistical significance at the 0.01

level.

Spring Winter Spring/winter ratio

Elgeseter Torget Elgeseter Torget Elgeseter Torget

Median IQR* Median IQR Median IQR Median IQR LOD" % < LOD
Al (mg/g) 8.2 5.2-13 5.8 5.2-8.9 4.5 3.7-6.9 2.5 2.2-6.9 1.8 2.3 0.1 0
As 35 19-39 31 30-37 68 59-75 66 59-84 0.5 0.5 1 0
Ccd 3.7 3.0-5.0 4.7 4.0-5.4 7.1 6.1-7.4 7.8 7.7-8.8 0.5 0.6 0.1 0
Ce 14 14-15 15 11-15 11 9.1-12 16 8.3-33 1.3 0.9 2 0
Co 8.1 7.4-9.4 6.2 5.8-6.3 4.7 4.4-7.3 3.9 3.6-4.1 1.7 1.6 0.4 0
Cr 85 68-110 60 33-390 94 80-130 110 65-120 0.9 0.5 20 0
Cs 0.90 0.74-1.1 0.84 0.56-0.88 0.65 0.62-0.90 0.83 0.82-1.0 1.4 1.0 0.02 0
Cu (mg/g) 0.54 0.51-0.70 0.24 0.23-0.25 0.89 0.48-1.3 0.45 0.26-0.66 0.6 0.5 0.01 0
Fe (mg/g) 18 16-22 9.5 9.2-10 14 8.5-25 9.0 4.5-13 1.3 1.1 0.2 0
Mn (mg/g) 0.23 0.23-0.28 0.16 0.16-0.21 0.23 0.20-0.30 0.18 0.18-0.23 1.0 0.9 0.002 0
Ni 50 38-130 110 29-280 38 32-45 19 18-41 1.3 5.8 9 0
Pb 160 150-210 110 74-190 150 140-200 130 110-130 1.1 0.8 20 0
Pt <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 - - 0.7 85
Rb 18 14-21 17 14-26 32 17-35 32 32-34 0.6 0.5 0.6 0
Sb 91 81-96 35 31-38 73 48-120 36 26-57 1.2 1.0 0.2 0
Sc 2.8 2.4-3.2 1.6 1.6-1.9 1.1 0.47-1.1 0.55 0.48-0.85 2.7 3.0 0.08 0
Sn 170 160-200 83 59-190 89 51-160 <40 <40 1.9 - 40 20
Sr 200 140-230 190 160-270 <80 <80-150 <80 <80-110 - - 80 30
Th 0.93 0.71-1.4 0.72 0.65-1.2 0.43 0.39-0.58 0.34 0.26-0.37 2.2 2.1 0.04 0
Tl 0.45 0.39-0.61 0.44 0.40-0.57 0.49 0.39-0.50 0.67 0.62-0.74 0.9 0.7 0.01 0
\ 35 34-44 37 36-42 24 16-25 18 18-23 1.5 2.0 0.5 0
w 13 12-14 5.7 5.6-6.9 5.9 2.2-11 3.6 1.4-4.3 2.3 1.6 0.2 0
Zn (mg/g) 1.3 0.91-1.5 0.95 0.71-1.3 1.2 1.1-1.2 1.0 0.95-1.2 1.1 1.0 0.1 0

# Interquartile range.
b Limit of detection.
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Table 4
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Total element contents (in |ig/g, unless otherwise stated) in road traffic (Elgeseter) and city background (Torget) PM, ; samples, collected in spring and winter (N = 5 from
each site and for each season). p-Values in bold signify statistical significance at the 0.05 level, whereas p-values in bold and italic signify statistical significance at the 0.01

level.

Spring Winter Spring/winter ratio

Elgeseter Torget Elgeseter Torget Elgeseter Torget

Median IQR* Median IQR Median IQR Median IQR LOD? % < LOD
Al (mg/g) 19 16-27 15 13-21 3.2 2.9-6.3 7.3 6.6-11 5.8 2.1 0.2 0
As 11 8.4-16 19 17-27 28 26-54 58 50-71 0.4 0.3 2 0
Cd 1.4 1.3-1.7 3.1 2.1-3.2 6.4 2.8-8.1 8.3 8.2-8.8 0.2 0.4 0.2 0
Ce 18 7.4-21 18 10-18 11 6.6-13 14 12-18 1.6 1.3 3 0
Co 10 9.4-15 10 9.4-10 29 2.9-3.4 5.0 4.1-8.3 3.3 2.0 0.5 0
Cr 110 88-120 66 57-76 56 43-59 66 42-99 2.0 1.0 30 0
Cs 1.0 0.78-1.2 1.0 0.92-1.1 0.63 0.41-0.92 1.0 1.0-1.0 1.6 1.0 0.03 0
Cu (mg/g) 0.46 0.43-0.47 0.24 0.21-0.28 0.46 0.25-1.2 0.39 0.28-0.51 1.0 0.6 0.02 0
Fe (mg/g) 21 19-30 18 12-19 6.5 5.3-8.7 12 7.1-19 3.2 1.5 0.3 0
Mn (mg/g) 0.30 0.28-0.46 0.32 0.23-0.32 0.12 0.12-0.19 0.23 0.19-0.33 2.5 1.4 0.03 0
Ni 60 40-61 56 44-92 27 18-32 39 23-45 2.2 1.4 10 0
Pb 62 58-99 100 65-140 160 87-260 120 110-130 0.4 0.8 20 0
Pt <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 1.0 <0.9-1.4 - - 0.9 85
Rb 25 25-26 23 22-25 33 15-55 39 38-45 0.8 0.6 0.8 0
Sb 56 53-82 37 34-42 36 24-53 47 37-48 1.5 0.8 0.3 0
Sc 4.4 4.2-7.8 4.2 3.0-4.5 0.92 0.85-1.0 2.2 0.94-3.2 4.7 1.9 0.1 0
Sn 150 98-170 94 73-170 <50 <50-76 <50 <50 - - 50 45
Sr 130 130-140 160 140-190 170 <100-660 120 <100-130 0.8 1.3 100 30
Th 1.8 1.7-2.1 1.1 1.1-2.1 0.27 0.24-0.47 0.65 0.45-0.87 6.6 1.7 0.1 0
Tl 0.27 0.27-0.36 0.37 0.34-0.39 0.63 0.40-0.65 0.68 0.65-0.73 0.4 0.5 0.02 0
\ 49 49-85 58 56-61 14 11-16 34 20-37 35 1.7 1 0
w 17 15-22 11 10-12 2.8 1.3-3.7 5.3 2.5-6.3 6.0 2.0 0.2 0
Zn (mg/g) 0.74 0.63-1.0 0.75 0.56-0.77 1.3 0.39-1.6 1.2 1.2-1.2 0.6 0.6 0.1 0

# Interquartile range.
b Limit of detection.

total element contents discussed above, the sampling period was character-
ized by an exceptionally mild winter in addition to considerable precipita-
tion, resulting in little re-suspension and quick deposition of dust. Cold
periods with clear weather typically result in elevated levels of PM in
urban areas [31,32]. The municipality also frequently swept the streets
and applied MgCl, salt to reduce dust re-suspension, contributing further
to the low PM levels observed in this study.

Element mass concentrations relative to total PM are shown in Tables 2-
4 for PMs 5 10, PMp.1_2.5, and PMj ;, respectively. The elements Al and Sc
clearly accumulated in the coarse size fraction, as did Fe, Co, V, W, Th,
and Mn in most samples (Table 2), indicating their origin mainly from re-
suspension of crustal-derived soil dust by vehicles from the roads. Most of
the studied elements accumulated in the fine fraction, indicating motor ve-
hicular traffic as their main source (Table 3). Elemental constituent levels in
the ultrafine fraction were quite low, and few elements accumulated in
these particles (Cs, Pb, Pt, Rb, Sr, Tl, and Zn, Table 4), contrary to what
might have been expected from their large numbers and surface area and
thereby potential binding sites for elements. The similarity in elemental
composition between the fine and the ultrafine size fraction indicates that
the fine fraction may to a considerable degree consist of aggregated ultra-
fine primary particles. Size fraction distributions found in this study are
mostly in agreement with other studies; crustal elements such as Al and
Fe typically accumulate in the coarse fraction [33], whereas typical
traffic-related elements such as Cu, Zn, Sb, Ni, Cr, and Mn are usually asso-
ciated with the fine and partly ultrafine size fractions, several of these ele-
ments are reported to exhibit bimodal size distributions with peaks
within the fine and nano size ranges [28]. Mn may also primarily originate
from road dust re-suspension [34]. Gugamsetty et al. [27] found many ele-
ments including Cu, Zn, Sn, Ni, Cr, Co, Sr, and Pb to accumulate to a large
extent in the ultrafine fraction. The finding that airborne concentrations of
the majority of the elements were overall higher in the heavily trafficked
Elgeseter area compared to the Torget city background station, supports
the assumption that the main sources of elemental constituents of PM
were vehicular emissions including exhaust and brake pad and tire wear,
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and vehicular re-suspension of road dust. Cd levels were higher at Torget
station; the reason for this is not known.

3.4. Seasonal differences

Comparisons of elemental constituent concentrations between winter
and spring seasons for the different size fractions revealed distinct seasonal
patterns for many elements. Median Sc, W, and V concentrations in the dust
were statistically significantly higher in spring than in winter samples in all
three size fractions, pointing to higher contribution of crustal-derived soil
particles. Al and Co were higher in spring samples in the coarse and ultra-
fine size fractions, and the same was true for Th in fine and ultrafine and
Ni in ultrafine samples, all statistically significant. In areas with cold win-
ters, resuspended road dust in spring typically contains smaller particles
from road sand and salt applied during the winter season. Happo et al.
[35] also found concentrations of the elements Al, Fe, and Mn to be overall
highest in spring samples in PM, 5 1 and PM;_; 5 size fractions of air partic-
ulate samples collected in Helsinki, Finland.

3.5. Source analysis

Enrichment factors (EFs) are shown in Table 5. Elemental constituents
in coarse particle (PM, 5_10) samples with EFs >100 comprise, in order of
decreasing EF: Sb > Sn; elements with EFs between 10 and 100 are:
Cu > W > Zn > As > Pb (Table 5). Correspondingly, for the fine fraction
(PMy 1-2.5), elements with EFs above 100 are: Sb > Sn > As > Zn > Pb > Cu;
elements with EFs between 10 and 100 are: W > Tl > Cr > Ni > Sr. For the
ultrafine fraction (PM ;), elements with EFs above 100 are: Sb > Sn > As >
Zn > Pb > Cu; elements with EFs between 10 and 100 are: W > T1. These EF
values, particularly those found in the fine and ultrafine fractions, are com-
parable to those found by Berg et al. [36], who studied trace elements in
precipitation from selected rural and remote sites in Norway.

In the present study, EF values for Sb and Sn in the coarse fraction were
found to be >100, so these elements almost certainly originate mainly from
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Table 5
Enrichment factors (EFs) and Cu/Sb ratios in road traffic (Elgeseter) and city background (Torget) PM5 5 10, PMo 125, and PM ; samples, collected in spring and winter (N = 5 from each site and for each season).

pMZ.S*lO pMO.172.5 l)I\/[O.l

Spring Winter Spring Winter Spring Winter

Elgeseter Torget Elgeseter Torget Elgeseter Torget Elgeseter Torget Elgeseter Torget Elgeseter Torget

Mean SD? Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Al 1 1 1 1 1 1 1 1 1 1 1 1
As 5.8 1.0 8.6 1.7 27 11 36 21 200 160 220 82 1300 1700 1300 1000 32 10 73 58 720 740 600 670
Ce 0.73 0.058 0.90 0.14 2.2 1.1 2.1 1.0 3.1 2.3 3.5 1.5 5.5 5.2 7.8 2.6 1.0 0.24 1.2 0.54 5.2 5.0 4.4 4.5
Co 1.6 0.14 1.7 0.14 3.4 1.1 2.8 0.89 3.5 1.3 3.7 1.3 6.2 5.5 4.5 1.9 1.9 0.24 2.0 0.31 3.9 2.3 3.8 3.0
Cr 2.7 0.63 2.7 0.28 15 8.1 7.8 4.5 10 7.3 19 21 29 25 36 36 5.6 4.0 3.1 0.74 16 13 13 9.9
Cs 0.74 0.090 0.91 0.15 1.4 0.23 1.9 0.85 3.1 1.4 3.2 0.61 8.7 10 10 7.0 1.6 0.94 1.7 0.61 5.8 4.7 6.1 6.2
Cu 22 8.0 19 7.5 190 100 130 98 110 59 60 15 430 340 250 100 37 9.6 22 3.4 250 190 130 110
Fe 1.8 0.23 1.7 0.19 5.9 2.7 4.0 2.3 3.7 1.1 2.6 0.61 9.6 8.3 5.5 2.9 2.1 0.26 1.6 0.22 5.1 4.1 3.4 2.1
Mn 1.4 0.13 1.5 0.073 3.7 1.2 3.5 2.0 2.6 0.82 2.5 0.70 7.2 6.5 6.0 2.8 1.6 0.14 1.5 0.20 4.2 2.6 3.5 2.3
Ni 1.3 0.27 1.6 0.34 3.5 2.4 3.4 1.5 33 61 26 23 18 22 15 18 4.5 3.1 4.5 2.2 9.2 8.3 10 13
Pb 4.0 2.2 6.2 1.8 33 27 22 12 150 100 170 140 310 220 300 200 31 26 41 27 310 310 160 170
Rb 0.60 0.043 0.77 0.059 1.1 0.17 1.2 0.37 2.1 0.94 2.8 1.1 13 19 14 11 1.2 0.29 1.3 0.37 9.6 8.8 9.1 10
Sb 890 390 630 280 6200 3700 3400 3000 4800 2200 2400 790 13,000 12,000 6400 4000 1200 350 890 370 7000 6700 4100 4500
Sc 1.1 0.092 1.0 0.11 1.0 0.24 1.0 0.26 1.2 0.37 1.0 0.15 1.0 0.51 0.93 0.49 1.1 0.16 0.90 0.090 1.3 1.0 0.92 0.24
Sn 130 58 120 80 840 570 330 290 1100 890 980 780 1600 1300 460 210 340 210 410 420 920 940 410 530
Sr 0.68 0.11 1.0 0.44 3.4 2.2 5.5 5.4 7.1 6.5 6.9 3.4 13 13 13 17 2.3 2.2 2.5 1.8 14 8.0 11 12
Th 0.78 0.067 0.84 0.10 1.3 0.13 0.94 0.12 1.4 0.19 1.4 0.21 1.3 0.55 1.2 0.44 1.3 0.63 1.0 0.13 1.2 0.46 1.0 0.39
Tl 0.77 0.13 1.0 0.19 1.5 0.43 1.7 0.84 11 7.3 13 3.2 40 52 47 38 3.1 2.3 4.1 2.0 31 29 28 34
A% 1.7 0.11 1.7 0.11 2.1 0.53 1.9 0.52 2.9 1.0 3.5 0.80 3.6 2.3 3.7 1.9 2.0 0.30 2.1 0.49 2.8 1.2 2.5 1.0
w 57 8.5 50 10 67 26 56 23 96 34 57 19 110 72 64 36 51 9.0 39 10 62 46 43 25
Zn 12 4.2 20 9.8 76 42 59 39 220 150 180 87 580 690 510 390 67 66 65 48 430 450 360 460
Cu/Sb 6.8 8.3 8.6 11 6.6 7.2 14 21 9.5 7.3 13 11

@ Standard deviation.
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anthropogenic emission, most likely from motor vehicles. EF values for Sb
were particularly high; Sb is known to be associated with brake pad wear
in vehicles [37]. This finding is consistent with Asheim et al. [38], who
found Sb to be a valuable marker for vehicular brake pad wear in road
dust collected in Trondheim, Norway. Elements with EFs in the range
10-100 also most probably originate mainly from anthropogenic sources.

Element EF values were overall highest in fine, intermediate in ultra-
fine, and lowest in the coarse fraction. EF values for Elgeseter and Torget
samples were comparable, with no statistical differences. For all three size
fractions, EF values were considerably higher in winter than in spring sam-
ples. Sb clearly exhibited the highest EFs within all three size fractions, with
average values of 6200, 13,000, and 7000 in Elgeseter winter samples in
coarse, fine and ultrafine particles, respectively.

It must be kept in mind that EF values give only initial indications of an-
thropogenic origin, and have several limitations; for example, if the local
soil has high levels of certain crustal elements, high EF values may be
misinterpreted [39,40].

Elemental mass concentrations relative to total dust contents were sub-
jected to PCA to further investigate and identify possible sources of the PM
(Table 6). Bartlett's test was statistically significant for all three size fraction
models, and the KMO measure gave values of 0.60, 0.84, and 0.52 for the
coarse, fine and ultrafine PM models, respectively. Only two PCs were
retained for all three size fraction PCA models since any additional PC
contained high loadings due to elevated levels in only one or two individual
samples. The PM, 5_19, PMg 1_2.5 and PMg ; PCA models explained 79%,
99% and 71% of the total variance in the data, respectively. The element
variable loadings are illustrated graphically together with the sample scores
for PMy.5_19, PMg 1_25, and PMg; in the biplots shown in Fig. 2a-c,
respectively.

For the PM, 5_1( model, the elements Co, Mn, Rb, Cs, Tl, V, Ni, Ce, Th,
Al, Sc, and Fe all load highly and W, Zn, and Cr intermediately onto the
first PC (Table 7). Most of these elements are usually associated with crustal
sources, and their EF values were low. It is therefore likely that resuspen-
sion of soil particles constituted the main source of these elements in coarse
particles. W, on the other hand, had high EFs, and was probably primarily
emitted by studded tire wear [38,41]. PC2 shows high loadings for Cu,
Sb, Cr, Sn, and Pb, and partly for Zn, As, and Fe, all of which have been as-
sociated with trafficked urban areas [34]. Specifically Fe [42], Cu and Sb

Table 6

PCA loadings and percent variance explained for elemental concentrations relative
to total dust contents for PM 5 19, PMg 1_» 5, and PM ;. Loadings larger than 0.4 are
shown in bold, and communalities lower than 0.5 are shown in italics.

PMz5-10 PMo.1-25 PMo.1
PC1 PC2 PC1 PC2 PC1 PC2

50% 29%  Com.  98% 1% Com.  44% 27%  Com.
Al 0.82 -0.55 098 -0.99 0.00 099 -0.96 0.14 0.94
As 0.38 0.59 049 -0.98 0.08 0.96 0.18 —-0.79 0.66
Ce 0.85 0.22 0.77 -1.00 -0.01 099 -0.65 -0.48 0.66
Co 0.97 -0.15 096 -1.00 0.03 1.00 -0.96 —0.08 0.93
Cr 0.44 0.84 090 -0.99 -0.03 098 -035 -031 022
Cs 0.89 -0.17 081 -1.00 0.01 099 -0.50 -0.67 0.70
Cu -0.05 0.95 091 -0.95 -0.28 0.97 0.02 -0.79 0.63
Fe 0.77 0.48 0.83 —-0.99 0.07 099 -0.92 -0.30 0.93
Mn 0.94 0.18 092 -1.00 0.02 1.00 -0.94 -0.23 0.94
Ni 0.86 0.18 0.77 —0.99 0.03 098 -0.70 0.08 0.49
Pb 0.39 0.75 072 —1.00 0.01 1.00 0.24 —0.78 0.66
Rb 0.89 -0.27 087 -0.99 -0.02 0.98 0.13 —-0.94 0.91
Sb 0.09 0.90 0.82 —-0.99 0.05 097 -0.44 -071 0.70
Sc 0.80 -0.54 094 -0.99 0.07 099 -0.98 0.09 0.97
Sn 0.30 0.83 0.77 —1.00 0.02 1.00 -0.48 0.03 0.23
Sr 0.20 0.30 013 -0.94 -0.32 0.9 0.21 —-0.62 0.43
Th 0.83 -0.40 084 -0.98 0.07 098 -0.92 022 0.89
Tl 0.88 -0.08 078 —1.00 0.04 0.99 0.45 —-0.70 0.70
\ 0.86 —-0.44 094 -1.00 0.04 1.00 -0.96 0.06 0.93
w 069 -—-0.46 0.68 -0.99 0.07 099 -0.95 0.04 0.90
Zn 0.67 0.61 0.83 —1.00 0.01 0.99 0.16 -0.79 0.65
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[371, Zn, Sn, Cr, and Ni [34] have in previous studies been linked to the
wear of brake pads in motor vehicles. Zn [43], Cu, Sb, Sn, and Cr [34]
have been associated with tire wear, and Ni and Zn with motor exhaust
emissions [34], and As especially with diesel exhaust emissions [44].

For the PMy ;_» 5 model, most elements are strongly positively corre-
lated, with high negative loadings onto PC1 for all elements studied
(Table 6, Fig. 2b), indicating that most elements seem to derive from
traffic-related sources, probably vehicular resuspension of road dust
consisting of mixtures of vehicular emission and soil components.

For the PM, ; model, typical crustal elements such as Sc, V, Co, Al, W,
Mn, Th, Fe, and Ni load highly onto PC1 pointing to resuspension of soil
particles, except for W which more likely originated from studded tire
wear (Table 6, Fig. 2¢). Elements apparently associated with motor vehicle
emissions, including As, Cu, Zn, Pb, and Sb load onto PC2. Some of the el-
ements most frequently associated with the Earth's crust, such as Rb and
Tl, also load onto PC2, and several elements load intermediately onto
both PC1 and PC2, such as Sb and Cs. This demonstrates how many elemen-
tal components of PM may have multiple sources.

Generally, source apportionment of PM near roads is difficult due to the
mixture of emissions from exhaust, brake, tire, and pavement wear, and re-
suspension of road dust which originates from these sources in addition to
crustal-derived soil particles [45]. Thorpe and Harrison [46] concluded
that the Cu/Sb ratio in PM near roads is the best available marker of the
contribution of emissions from the vehicles themselves, specifically brake
wear, since the Cu/Sb ratio in brake dust of about 5:1 is markedly different
from the typical ratio in the Earth's crust of about 125:1. Cu/Sb ratios found
in this study ranged from 4.7 to 70, with average ratios of 8.7, 12, and 10 in
all PM, 5_10, PMg 125, and PM, ; samples, respectively. Ratios were overall
somewhat higher in Torget than in Elgeseter samples, and higher in winter
than in spring samples (Table 5). The high Cu/Sb ratios, in addition to high
EF values for Sb, clearly indicate dominance of vehicle-derived particles in
the collected PM samples.

In this study, the PCA was limited by the small sample size, which re-
sulted in individual deviant samples affecting the results to some degree.
However, concentrations of PM and different components are typically
highly variable, which affects most studies investigating PM size fraction
distribution and component contents. The majority of the studied elements
seem to originate from more than one source, as indicated by their signifi-
cant loadings onto more than one PC, which complicates source apportion-
ment. This is consistent with previous studies on PM source apportionment
[28,34,47]. However, the results are only indicative of possible sources
without additional data on composition and rate of the individual existing
emissions.

3.6. Element bioaccessibility

SLFs represent physiologically relevant extraction media to use as surro-
gates for the actual biological fluids [48]. Still it must be kept in mind that
GMB and ALF are not identical in composition to lung cell interstitial and
phagocyte fluid, respectively; proteins are replaced by organic acids for sta-
bility of the solutions [49]. Solubility of elements in SLFs may not corre-
spond to the actual bioaccessibility and bioavailability of the elements in
an individual person, as this would be highly variable depending on a num-
ber of factors such as wind speed and direction, precipitation and distance
from the road, inhalation rate and mode, pathway, site and manner of depo-
sition, and clearance rate and mode. Invitro and in vivo tests would give data
on this variability, but such experiments are costly and pose ethical
problems.

Element solubilities for the coarse, fine, and ultrafine fractions after ex-
traction in GMB or ALF are presented in Tables 7-9. The results clearly
show that the solubility for all elements is much higher for ALF than GMB
extraction in all three size fractions. E.g. in the coarse fraction, mean As sol-
ubility after GMB extraction was 12% and 30% in Elgeseter and Torget sam-
ples, respectively, and correspondingly 58% and 75% after ALF extraction
(Table 7). This is as expected as the pH of ALF is lower compared to the neu-
tral GMB, and the results are in accordance with results from previous
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Fig. 2. PCA correlation biplots (2 PCs), showing elemental variable loadings and observation scores for a) PM, 5 10, b) PMg 1_2 5, and ¢) PM ;. Samples denoted E and T were
collected at Elgeseter and Torget stations, respectively; sample numbers 28-32 were collected in spring and 53-57 were collected in winter.

studies comparing element solubility of PM in GMB and ALF [15-17]. Thus,
solubility of some elemental constituents of PM in biological fluids within
the lung may be substantial, especially if the particles are engulfed by
phagocytes. Elements in dissolved form are more easily available for uptake
by cells and subsequent exertion of toxic effects.

Overall, both GMB and ALF element solubility was higher in Torget
than in Elgeseter samples; this is probably due to higher proportions of
larger coarse particles with generally lower element solubility from resus-
pension of soil particles collected at the Elgeseter roadside as opposed to
the city background station at Torget, which is higher above ground level.
Overall GMB solubility in the different size fractions was as follows:
PMy.1-2.5 > PMp1 > PM5 5 10. As an example average solubility of Tl was
15% and 42% in the coarse fraction of Elgeseter and Torget samples
(Table 7), whereas corresponding values were 52% and 66% in fine
(Table 8), and 36% and 55% in ultrafine PM (Table 9). Lower solubility
of elemental components of ultrafine compared to fine particles appears
surprising, as solubility might have been expected to increase with decreas-
ing particle size since higher surface area would contain more potential

binding sites for elements. However, Wiseman and Zereini [17] also re-
ported high variability and no clear differences in element SLF solubility
among PM;,, PM, 5 and PM;. A possible explanation for this finding is
that the PMy ;_» 5 size fraction may largely consist of aggregated ultrafine
particles, resulting in little difference in elemental component
bioaccessibility.

Individual element solubility values in simulated lung fluids were
highly variable. In GMB, as an example, T1 solubility values in GMB for
PM, 5 10 ranged from 10% to 57% in Elgeseter and from 35% to 68% in
Torget samples, and correspondingly from 5% to 64% in Elgeseter and
from 45% to 74% in Torget samples in ALF (Table 7). Other studies have
also shown such variability [16,17], and thus the identification of elements
of special health concern with regard to solubility in SLFs is difficult. How-
ever, Rb, Tl, As, Zn, Ni, and W generally exhibited the highest solubilities in
GMB, and correspondingly Cu, Sr, Pb, Zn, and Ni in ALF, whereas Fe, Al,
and Sc exhibited overall low solubilities. Wiseman and Zereini [17] and
Zereini et al. [16] obtained similar results; they found elevated solubilities
for As and Sb in both solutions, whereas their V solubility in ALF was

Table 7
Element solubility (%) following extraction in Gamble's solution (GMB) and artificial lysosomal fluid (ALF) (%) for PM, 510, with proportion of supernatant samples below
LOD.
GMB ALF
Elgeseter Torget Elgeseter Torget
n Median Mean SD Range < n Median Mean SD Range < n  Median Mean SD Range < n Median Mean SD Range <
LOD? LOD?* LOD? LOD*
Al 9 1.0 1.6 14 05-51 0.1 9 2.0 19 08 08-34 01 10 6.1 7.3 3.3 3.4-13 0 10 10 12 49 7.0-22 0
As 4 11 12 49 73-19 06 5 20 30 23 16-72 05 10 59 58 8.7 43-69 0 8 72 75 16 57-100 0.2
Ce 8 2.3 36 45 0815 02 3 1.7 22 10 16-34 07 3 27 25 38 21-28 0.7 3 39 39 16 37-40 0.7
Co 10 11 10 3.0 5.1-13 0 9 12 12 42 6.6-18 0.1 10 35 37 6.7 27-48 0 10 46 48 8.8 35-64 0
Cr O - - - - 1 0 - - - - 1 8 20 21 46 12-28 02 3 37 38 46 3543 0.7
Cs 3 5.0 6.6 38 40-11 0.7 2 32 32 34 80-57 08 4 29 29 54 22-35 06 3 30 36 12 27-50 0.7
Cu 8 11 10 3.6 5.1-15 0.2 6 19 19 3.3 16-24 0.4 10 82 78 12 51-89 0 10 90 90 1.9 86-93 0
Fe 8 0.8 21 33 02-10 02 7 1.3 1.3 03 09-1.7 03 10 24 29 13 12-49 0 10 39 38 14  20-59 0
Mn 10 4.1 58 35 22-11 0 9 5.9 6.5 20 42-99 01 10 31 37 12 20-54 0 10 47 52 18 30-81 0
Ni 1 14 14 - - 0.9 1 20 20 - - 0.9 2 31 31 6.5 26-35 0.8 1 66 66 - - 0.9
Pb 2 8.3 83 6.7 36-13 08 0 - - - - 1 5 83 83 11 73-100 0.5 6 86 84 4 75-87 0.4
Rb 0 - - - - 1 1 67 67 - - 09 7 17 23 13 1450 03 9 38 43 21 20-76 0.1
Sb 10 7.4 81 49 28-17 0 10 13 14 6.0 5.2-25 0 10 74 70 17 26-85 0 10 80 80 4.2 74-87 0
Sc 2 1.2 1.2 09 05-1.8 0.8 1 16 16 - - 0.9 9 5.0 7.5 43 37-15 0.1 8 8.5 10.0 55 5.2-22 0.2
Sn 4 2.5 25 10 1337 06 1 2.1 21 - - 09 10 50 52 16 21-73 0 10 92 84 21 38-100 0
Sr 0 - - - - 1 0 - - - - 1 3 46 49 17 33-67 0.7 1 69 69 - - 0.9
Th 2 1.6 1.6 07 12-21 0.8 1 43 43 - - 0.9 9 25 24 59 16-35 0.1 9 44 44 7 35-54 0.1
Tl 3 14 15 38 11-19 07 2 42 42 31 2064 08 8 21 26 12 1646 0.2 8 47 43 16 19-66 0.2
vV 10 2.8 3.2 1.7 1.2-6.4 0 10 4.2 49 34 15-13 0 10 8.7 9.4 3.2 5.0-15 0 10 18 19 59 12-30 0
w 10 13 17 15 3.4-48 0 10 33 35 18 7.7-65 0 10 55 48 22 13-78 0 10 71 70 15 42-88 0
Zn 3 22 31 26 10-59 0.7 0 - - - - 1 10 72 72 6.6 59-80 0 8 87 86 14 55-100 0.2
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Table 8
Element solubility (%) following extraction in Gamble's solution (GMB) and artificial lysosomal fluid (ALF) (%) for PMj ;_» 5, with proportion of supernatant samples below
LOD.
GMB ALF
Elgeseter Torget Elgeseter Torget
n Median Mean SD Range < n Median Mean SD Range < n  Median Mean SD Range < n Median Mean SD Range <
LOD LOD LOD LOD
Al 7 3.8 35 14 16-54 03 7 4.9 75 49 35-16 0.3 10 14 16 9.5 509-34 0 10 15 18 11 9.4-47 0
As 10 42 43 11 30-59 0 10 68 69 5.3 60-79 0 10 79 76 16 43-100 O 10 77 75 8.7 57-87 0
Ce 3 3.9 3.8 24 14-62 07 3 0.8 1.3 09 07-23 07 O - - - - 1 1 29 29 - - 0.9
Co 9 18 18 52 81-26 0.1 10 21 22 9.4 10-39 0 10 44 45 9.2 26-60 0 10 48 48 5.7 38-57 0
Cr 0 - - - - 1 3 81 57 44 6.2-85 0.7 3 25 31 19 17-52 07 2 52 52 18 40-65 0.8
Cs 8 57 59 10 49-80 0.2 8 72 68 20 27-86 02 5 64 63 18 44-82 05 6 85 81 7.8 70-89 0.4
Cu 6 15 15 39 1021 04 4 27 28 10 16-40 0.6 10 77 75 14 40-91 0 9 76 74 10 58-92 0.1
Fe 6 1.7 1.7 0.6 0.7-26 04 4 1.2 1.3 04 1.0-19 06 10 43 45 14 18-70 0 10 38 37 6.7 29-47 0
Mn 8 11 11 6.4 24-22 02 8 6.6 6.7 20 4.1-10 0.2 10 53 55 14 27-73 0 10 59 59 8.0 48-78 0
Ni 3 48 48 0.8 47-49 07 3 54 51 6.1 44-56 0.7 1 86 86 - - 09 3 69 70 3.4 68-74 0.7
Pb 3 4.7 44 17 25-58 07 2 5.4 54 22 38-69 08 10 83 83 19 36-100 O 10 89 8 8.0 70-92 0
Rb 3 82 82 74 75-90 0.7 6 89 86 7.5 73-92 0.4 10 72 69 14 52-89 0 10 83 80 13 57-94 0
Sb 10 18 22 12 6.7-39 0 10 40 42 12 28-71 0 10 59 59 16 24-86 0 10 72 68 9.2 51-77 0
Sc O - - - - 1 0 - - - - 1 5 12 13 72 57-25 05 5 22 24 16 6.4-48 0.5
Sn 4 3.0 31 15 1448 06 O - - - - 1 10 38 42 25 13-100 0 10 49 64 26 41-100 0
Sr 1 35 35 - - 09 1 31 31 - - 09 1 920 920 - - 09 1 96 96 - - 0.9
Th O - - - - 1 0 - - - - 1 6 38 35 13 13-50 04 5 42 46 9.7 35-60 0.5
Tl 10 54 52 12 33-69 0 10 67 66 8.5 50-79 0 10 73 70 9.9 50-84 0 10 72 74 5.2 67-81 0
v 10 28 27 15 6.4-48 0 10 47 46 15 9.7-61 0 10 42 42 16 13-66 0 10 57 54 15 17-71 0
w 9 15 14 55 4.2-22 01 10 26 27 12 15-57 0 10 29 34 23 13-87 0 10 43 46 12 26-62 0
Zn 3 27 24 54 1827 0.7 O - - - - 1 10 79 77 13 42-88 0 10 89 88 6.4 78-100 O

considerably higher. Overall, these authors found slightly higher GMB sol-
ubilities for most elements compared to the present study.

4. Conclusions

Levels of total dust and elemental components of coarse, fine, and ultra-
fine PM in Trondheim city were generally low both at the motor vehicle
traffic-dominated Elgeseter station and Torget city background station dur-
ing the entire spring and winter sampling periods. However, dust and ele-
ment concentrations were highly variable, showing increased levels in
certain periods. Most elements accumulated within the fine size fraction,
and to a lesser extent in ultrafine particles, whereas Al, and Sc, and to
some extent Fe, Co, V, W, Th, and Mn accumulated in coarse particles.

Overall, Al, Fe, Zn, Cu, Mn, and Sr, in decreasing order, exhibited the
highest mass concentrations. Concentrations of typical crustal-derived ele-
ments such as Sc, Al, W, V, and Th were considerably higher in spring
than in winter samples, whereas concentrations of As and Cd were highest
in winter.

Enrichment factor (EF) analysis indicated that the majority of the stud-
ied elemental constituents in the coarse particles probably originated from
resuspension of soil-derived road dust, whereas elements emitted from an-
thropogenic sources, primarily traffic-derived, seemed to accumulate in the
fine and to some degree in the ultrafine size fractions. In coarse particles,
elements with enrichment factors >100, indicating anthropogenic origin,
comprised, in order of decreasing EF: Sb > Sn. Correspondingly, the follow-
ing elements had EFs above 100 in the fine fraction: Sb > Sn > As >

Table 9
Element solubility (%) following extraction in Gamble's solution (GMB) and artificial lysosomal fluid (ALF) (%) for PM, 1, with proportion of supernatant samples below LOD.

GMB ALF

Elgeseter Torget Elgeseter Torget

n Median Mean SD Range < n  Median Mean SD Range < n  Median Mean SD Range < n Median Mean SD Range <

LOD LOD LOD LOD

Al 5 1.5 24 22 1264 05 6 2.8 33 15 23-63 04 10 7.6 8.8 48 35-18 0 10 11 14 9.7 6.0-38 0
As 9 42 44 15 21-72 0.1 10 66 65 11  45-82 0 9 62 59 19 1880 0.1 10 72 72 8.0 61-84 0
Ce 4 5.7 28.3 48 19-100 0.6 3 4.0 40 16 2456 07 1 34 34 - - 09 0 - - - - 1
Co 5 15 17 40 13-23 05 8 21 19 6.3 6524 02 9 41 38 9.0 21-50 0.1 10 47 45 7.5 29-53 0
Cr O - - - - 1 0 - - - - 1 1 16 16 - - 09 2 70 70 24 53-87 0.8
Cs 6 49 45 20 21-74 04 7 57 53 20 15-74 03 1 29 29 - - 09 2 72 72 9.5 65-78 0.8
Cu 2 15 15 8.3 9.5-21 08 1 21 21 - - 09 8 70 73 74 65-84 0.2 10 83 82 5.9 69-90 0
Fe 5 1.7 1.8 07 12-28 05 3 2.2 23 06 1.8-29 07 10 27 28 14 3.9-51 0 10 32 32 5.7 21-40 0
Mn 8 8.0 132 17 1.3-52 02 9 5.8 55 22 17-82 01 8 45 43 10.7 29-57 0.2 10 52 51 10 38-71 0
Ni 2 82 82 26 63-100 0.8 1 49 49 - - 09 1 68 68 - - 09 1 74 74 74-74 0.9
Pb 2 8.4 84 45 52-12 08 0 - - - - 1 7 75 70 16 4290 03 9 78 78 42 71-84 0.1
Rb 3 80 76 12 63-86 0.7 5 78 77 43 70-81 05 8 48 48 22 21-73 0.2 10 61 60 15 37-82 0
Sb 9 22 25 17 9.1-62 0.1 10 30 31 10 15-52 0 10 58 50 20 12-75 0 10 69 69 5.5 57-76 0
Sc 1 18 18 - - 09 0 - - - - 1 6 9.1 23.8 37 4898 04 S5 11 11 25 83-15 0.5
Sn 2 100 100 - - 08 0 - - - - 1 8 33 38 14 24-66 0.2 10 100 94 17 45-100 O
Sr 1 100 100 - - 09 0 - - - - 1 1 72 72 - - 09 1 72 72 72-72 0.9
Th 0 - - - - 1 0 - - - - 1 5 29 29 52 21-35 05 8 45 46 9.1 35-66 0.2
T 7 42 36 16 10-57 0.3 10 57 55 10 35-68 0 9 47 44 17 51-64 0.1 10 65 63 85 45-74 0
\% 9 16 22 16 6.1-52 0.1 10 22 25 13 8.3-43 0 9 17 21 11 59-41 01 10 35 34 14 12-59 0
w 7 13 20 22 49-67 03 9 15 15 84 6.7-36 0.1 7 22 24 15 13-56 03 8 30 31 9.3 19-42 0.2
Zn 2 32 32 3.7 30-35 08 0 - - - - 1 8 70 71 6.0 62-81 0.2 10 77 76 14 42-93 0
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Table 10

Element solubility following extraction in Gamble's solution (GMB) and artificial ly-
sosomal fluid (ALF) in the standard reference material Urban Particulate Matter
1648a (NIST), in % of certified values.

GMB (N = 18) ALF(N = 15)

Mean SD Mean SD
Al 0.6 0.5 6.1 4.4
As 19 13 43 29
Ce 0.1 0.4 17 12
Co 9.9 5.6 16 11
Cr 0.5 0.5 4.8 4.8
Cu 5.7 4.4 21 21
Fe 0.3 0.2 8.3 6.3
Mn 6.3 3.3 31 16
Ni 9.4 6.0 15 10
Pb 0.6 0.8 26 29
Rb 9.9 4.2 11 5.4
Sb 9.2 5.6 22 16
A 8.4 7.0 22 20
Zn 0.8 0.6 23 20

Zn > Pb > Cu, and in the ultrafine fraction: Sb > Sn > As > Zn > Pb > Cu. EF
values for Sb were especially high for all three size fractions, pointing to Sb
as a suitable marker for road traffic emissions.

PCA applied to elemental relative to total dust mass concentrations
identified vehicular resuspension of soil particles and emissions directly
from motor vehicles as the two main probable sources of elemental constit-
uents of all size fractions. Cu/Sb ratios in the PM samples indicate a pre-
dominance of vehicle-derived particles.

The solubility of elemental constituents was considerably higher in the
more acidic ALF compared to the neutral GMB solution. Both GMB and ALF
solubility was overall higher in Torget compared to Elgeseter samples. Sur-
prisingly SLF solubility, although highly variable, was higher within the
fine than the ultrafine fraction. Among the studied elements Rb, Tl, As,
Zn, Ni, and W generally showed the highest solubility in GMB, whereas
Cu, Sr, Pb, Zn, and Ni were the most soluble after ALF extraction.
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