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SUMMARY

A new method is presented for fast quantification of urban pollution sources in atmospheric
particulate matter (PM). The remanent magnetization of PM samples collected in Switzerland
at sites with different exposures to pollution sources is analysed. The coercivity distribution of
each sample is calculated from detailed demagnetization curves of anhysteretic remanent mag-
netization (ARM) and is modelled using a linear combination of appropriate functions which
represent the contribution of different sources of magnetic minerals to the total magnetiza-
tion. Two magnetic components, C1 and C2, are identified in all samples. The low-coercivity
component C1 predominates in less polluted sites, whereas the concentration of the higher-
coercivity component C2 is large in urban areas. The same sites were monitored independently
by Hiiglin using detailed chemical analysis and a quantitative source attribution of the PM.
His results are compared with the magnetic component analysis. The absolute and relative
magnetic contributions of component C2 correlate very well with absolute and relative mass
contributions of exhaust emissions, respectively. Traffic is the most important PM pollution
source in Switzerland: it includes exhaust emissions and abrasion products released by vehicle
brakes. Component C2 and traffic-related PM sources correlate well, which is encouraging
for the implementation of non-destructive magnetic methods as an economic alternative to
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chemical analysis when mapping urban dust pollution.
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1 INTRODUCTION

The harmful effects of anthropogenically derived particulate mat-
ter (PM) on human health have attracted the attention of environ-
mental research in recent years. Particles <10 um (PM10) are of
special interest because they can be inhaled deeply into the lung
and induce cytotoxic and inflammatory effects when iron and other
heavy metals become bioavailable. Studies on residual oil fly ash
(Dreher et al. 1997) or coal fly ash (van Maanen et al. 1999;
Smith et al. 2000) have shown that the transition metals Fe, Cu,
Ni or V seem to play an important role. Diabaté et al. (2002) sug-
gested that the pro-inflammatory responses of the cells could be
induced by metals attached to the particle surface or by a large
number of fine and ultrafine particles with a large surface/volume
ratio.

Since heavy metals have a high affinity towards iron oxides
(Cornell & Schwertmann 1996), magnetic methods can be used
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for the characterization of airborne pollution (e.g. Hunt e al. 1984;
Dekkers & Pietersen 1992; Matzka & Maher 1999; Xie et al. 2000;
Kapicka et al. 2001; Muxworthy et al. 2001; Shu ef al. 2001;
Muxworthy et al. 2002, 2003). Matzka (1997) and Muxworthy et al.
(2003) found a positive correlation between the saturation magneti-
zation of isothermal remanent magnetization (IRM) of PM 10 filters
and the total PM 10 mass. Tree leaves in urban environments have the
potential to remove the atmospheric PM because of their high sur-
face area and suitable surface properties (Freer-Smith et al. 1997).
The ability to map spatial distributions of anthropogenic pollution by
measuring the magnetization of tree leaves has been demonstrated
in different European cities (Hannam & Heller 2001; Moreno ef al.
2003). High susceptibility is often observed in the city centre near
busy roads and railway stations. In contrast, low values are found in
rural regions with almost no traffic.

The urban PM consists of natural and anthropogenic components
(Hiiglin 2000) which are both thought to contain magnetic min-
eral fractions with specific magnetic properties. An earlier PM10
analysis by Muxworthy et al. (2001) indicated that bulk magnetic
parameters such as susceptibility do not always correlate with the
amount of particulate matter and may therefore be misleading for the
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assessment of air pollution using magnetic methods. In this work,
the magnetic contribution of individual components is quantified
and compared with a detailed source attribution based on chemical
investigations performed by Hiiglin (2000). Two major questions re-
lated to the practical application of magnetic measurements for air
pollution monitoring will be addressed: (1) Can pollution sources in
PM be identified quantitatively using magnetic measurements? (2)
Is the concentration of potentially harmful substances, such as heavy
metals, directly correlated with the magnetic properties of PM? In
order to answer these questions, magnetic and chemical properties
of PM10 samples collected at several sites in Switzerland and char-
acterized by their different exposure to possible pollution sources
are compared in detail.

2 SAMPLES AND MEASUREMENTS

2.1 Sampling sites

Representative sampling sites were selected with reference to pre-
vious PM10 investigations (Hiiglin 2000; Hannam & Heller 2001).
These sites represent important air pollution scenarios. Site CHM is
located in a remote rural region in the Swiss Jura mountains near the
city of Neuchatel. It is characterized by a mean PM10 concentration
(mean of 120 daily values) of 10.1 ug m~ (Hiiglin 2000). Con-
tributions of specific primary pollution sources to PM10 could not
be detected by chemical analyses. This site is expected to represent
a background situation for unpolluted rural areas in Switzerland.
Three sites (GUB, KSN, WDK, GMA) have been chosen in and
near the city of Ziirich. These sites have been studied in detail by
BUWAL (1999) and Hiiglin (2000) with chemical methods in or-
der to quantify and characterize the different sources of PM10. Site
GMA is located in a semi-rural region on the Adlisberg Hill close to
Ziirich. The measured mean PM10 concentration was 12.5 pg m=3
(mean of 3 days). In contrast to CHM, site GMA is located much
nearer to possible pollution sources. Site KSN is located in the city
centre of Ziirich in an urban park area, and is not directly influenced
by dominant urban sources. The mean PM10 concentration (mean
of 121 daily values) is 24.1 pg m=3 (Hiiglin 2000). Site WDK is
situated near a highly frequented transit road in Ziirich city centre
(27 000 vehicles/day, 8 per cent of which are heavy trucks). The an-
nual mean PM10 concentration (mean of 59 daily values) at WDK
is 43.0 ug m~3 (Hiiglin 2000). Site GUB is located at the centre
of'a 3.5 km long motorway tunnel. PM10 is dominated in this tun-
nel by motor vehicle emissions (e.g. Weingartner et al. 1997; John
et al. 1999). The measured daily mean PM10 concentration was
91.1 pg m=3.

2.2 Sampling

The PM10 samples were collected on fibre-glass filters (Ederol,
MG 227/1/60, diameter 150 mm) using a high-volume air sampler
(Digitel DHA-80, with a flow of 720 m? air per day) with a grain-
size-selective air inflow. Grain sizes between 0.3 and 10 pum are
filtered. The sampling height was 3 m at sites CHM and WDK
and 2 m at all other sites. The PM10 mass was obtained by the
difference in weight of the filters before and after air sampling.
The filters were stored in a desiccator for 24 hours before each
weighing to reach specific climatic conditions (22 °C, 50 per cent
relative humidity). Sample CHM was kindly provided by the EMPA
(Swiss Federal Laboratories for Material Testing and Research) and
sample WDK by the city of Ziirich (Office for Environmental and

Health Protection). The samples were collected under dry and rather
windless conditions between 2000 September and 2002 October.
The sampling time was 24 hours for all samples except GMA, which
was collected over 72 hours.

2.3 Magnetic measurements

The anhysteretic remanent magnetization (ARM) of the filters that
had been folded into 8 cm? cubic plastic boxes was measured in
order to determine the magnetic mineral components present. ARM
and detailed alternating field (AF) demagnetization curves of ARM
are considered most suitable for component analysis. Extremely
high precision and reproducibility of the experiments are necessary
for the analysis of the demagnetization curves. The experiments
were performed using a 2 G direct current (DC) SQUID cryogenic
magnetometer and a 2 G in-line degausser installed in a magnet-
ically shielded room. Each sample was demagnetized along three
orthogonal axes with a maximum AF peak field of 300 mT. Af-
ter demagnetization an ARM was imparted along the z-axis, in a
0.1 mT DC bias field with a maximum AF peak field of 300 mT and
an AF field decay rate of 4 mT s~!. Having removed the sample and
switched off the bias field, the sample holder and the coil shield were
AF demagnetized with 300 mT. After 2 min, automatic stepwise AF
demagnetization was started. The waiting time guaranteed an ex-
act reproducibility of the experiment by always removing the same
amount of possible viscous remanence. The samples were demag-
netized in 76 steps of increasing field intensity along the direction
of the ARM. The steps were approximately evenly distributed on a
logarithmic scale (020 mT every 1 mT, 21.5-26 mT every 1.5 mT,
28-72 mT every 2 mT, 74-80 mT every 3 mT, 85-150 mT every
SmT, 156 mT, 163 mT, 170-190 mT every 10 mT, 200-260 mT every
15 mT, 280 mT and 300 mT). The z-axis reading of the magnetome-
ter was taken as a measure of ARM after each demagnetization step.
The entire procedure of ARM acquisition and demagnetization was
repeated six times for each sample, and nine times for weak samples,
in order to increase experimental precision. Comparison of the six-
or nine-measurement series facilitated the removal of occasionally
occurring outliers. These outliers, typically one to two per sample,
were probably produced by interference of the main power with the
degaussing unit or the magnetometer. The arithmetic mean of the
‘cleaned’ measurements was finally accepted as the characteristic
demagnetization curve.

3 COMPONENT ANALYSIS

3.1 Theoretical background

The coercivity distribution f(H) of a sample is defined as the
absolute value of the first derivative of a stepwise acquisi-
tion/demagnetization curve. It shows the magnetic contribution
f(H) dH of all minerals with switching fields between H and H +
dH and is formally equivalent to a probability density function (Egli
2003). If the sample contains N groups of magnetic minerals with
specific properties, called components, its magnetization is given by
a linear combination of the coercivity distributions f; (H) of each
component:

SCH) =" mi fi(H) (1)
i=1

where m; is the magnetic contribution of component i. Eq. (1)
represents a linear mixing model, which is valid if magnetostatic

© 2004 RAS, GJI, 159, 555-564



interactions between the magnetic grains of different components
can be excluded. Yu et al. (2002) showed that grain interactions
have no detectable effect on the partial ARM additivity, regard-
less of provenance (natural or synthetic). For this reason, we expect
eq. (1) to be valid for the PM10 samples. If the coercivity dis-
tribution of individual components is modelled with appropriate
functions, eq. (1) can be solved for the magnetic contributions m;,
which are related to different sources of magnetic minerals. The
coercivity distribution of an individual component is a bell-shaped
function, which is related to the dispersion of physical parameters
(grain size, shape) and/or chemical parameters (degree of oxida-
tion) of the magnetic grains. Coercivity distributions of natural and
artificial samples have been modelled successfully with logarithmic
Gaussian distribution functions (Robertson & France 1994; Kruiver
et al. 2001; Heslop et al. 2002). These functions are symmetrical
on a logarithmic field scale. Recently, it has been shown that very
precise measurements of coercivity distributions, such as those of
the PM10 samples, are better modelled with generalized distribu-
tion functions which are characterized by a variable symmetry (Egli
2003, 2004b; Heslop et al. 2004).

Egli (2003) introduced so-called maximum entropy skewed gen-
eralized Gaussian functions (SGG) to model individual magnetic
components identified in natural samples. Accordingly, the coerciv-
ity distribution of a component is given by SGG(log H, u, o, q),
with the shape dependent upon the three parameters i, o and ¢. The
first parameter, ., is the median, and is a measure of the average
coercivity of the magnetic particles, which depends on grain size
and on chemical composition. A common measure of the coercivity
is the median destructive field (MDF); the demagnetizing field at
which the magnetization is reduced to half of its initial value. The
relation between p and MDF is given by MDF = 10#. The second
parameter, o, is a measure of the ‘randomness’ of a component, and
corresponds to the standard deviation if ¢ = 1. Typical magnetite
components in natural rocks and sediments are characterized by
0.3 <o < 0.5 (Egli 2004a). Magnetosomes, which are very homo-
geneous in grain size and composition, are modelled with o < 0.2
(Egli 2004a). Coercivity distributions of ARM show values of o that
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are typically 10-20 per cent smaller than those calculated from the
isothermal remanent magnetization (IRM). Magnetic components
with smaller values of o have less overlapping coercivities and are
easier to identify using component analysis. Therefore, ARM is
more suitable for component analysis than IRM. The third param-
eter of a SGG function, ¢, controls the symmetry of the function
and ranges from 0.6 to 1 for natural and anthropogenic magnetite
components. These values of ¢ define slightly negatively skewed
coercivity distributions (Egli 2004b).

Two SGG functions were used to model the measured coercivity
distributions of the PM samples, using the CODICA and GECA
software programs developed by Egli (2003). The misfit of models
based on only one SGG function is larger than the measurement
errors. Such models are not adequate for the characterization of all
PM10 samples. The opposite is true for models based on more than
two SGG functions: in this case the misfit is much smaller than
the measurement errors. These models are not significant and were
consequently omitted from the analysis.

3.2 Results

All PM10 samples could be adequately modelled with two magnetic
components, hereafter called C1 and C2, and the results (including
sample mass, air volume and y gy ) of this component analysis are
shown in Fig. 1 and listed in Table 1. The contribution of the compo-
nents is expressed as susceptibility of ARM, yx arm. This parameter
is defined as the ARM magnetization, normalized by the net weight
of PM, divided by the bias field H pc used to give the ARM; the SI
unit is m* kg~!. The concentration of PM10 in the air is usually ex-
pressed in pug m—3, and is obtained by dividing the net mass w o of
the PM collected on the filter with the total air volume V ,;; pumped
through the filter. By analogy, we define a dimensionless ‘magnetic
PM concentration’ mc = (X ARMWiot)/ V air-

The coercivity distributions of C1 and C2 of all samples, normal-
ized to mc = 1, are plotted in Fig. 2. The coercivity distributions
of each component in different samples have a similar shape in all

- (a) GMA 0.3 (b) KSN
o c1 1
c 0.2 ]
a ] C1
il
o 4
50-7‘ 0.14
= c2 j
[}
5 ]
8 ]

0.0 e : - 00— —

1 10 100 1 10 100

- (c) WDK
© 1.0
e
o
g
a
7 C1
Z 05
>
=
s}
Q
Q
[}

R e —

1 10 100 1 10 100

AF peak field, mT

AF peak field, mT

Figure 1. Results of the component analysis performed on the coercivity distribution of the PM10 samples taken in and near Ziirich at the following sites:
(a) GMA, a woody recreation area outside the city centre; (b) KSN, a park like area in the city centre; (c) WDK, a highly frequented transit road; (d) GUB,
a motorway tunnel. Two SGG functions, C1 and C2, have been used to model the coercivity distribution of each sample (thick line). Sampling sites with

increasing exposure to pollution sources have been ordered from (a) to (d).
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Table 1. Results of the complete component analysis performed with two SGG functions on detailed measurements of the coercivity distribution.

(SD = standard deviation).

Sample Mass, Vol., X ARM mc Component 1, C1 Component 2, C2
Wiot Vair  (um3kg™h)  (1071%) X ARM; i ol q1 X ARM, 2 02 q2
(mg)  (m%) (um® kg™')  (log[mT]) (um? kg™')  (log[mT])
CHM 3.5 720 5.00 24.3 4.447 1.525 0.511 0.591 0.584 1.808 0.208 0.998
GMA 81.0 2160 6.50 243.8 5.890 1.520 0.511 0.581 0.660 1.965 0.235 0.659
KSN 30.3 720 5.96 250.8 4.175 1.514 0.507 0.647 1.828 1.934 0.261 0.625
WDK 354 720 18.27 898.3 10.546 1.461 0.470 0.607 7.789 1.958 0.235 0.694
GUB 65.6 720 17.21 1568 8.619 1.461 0.420 0.647 8.586 1.948 0.230 0.712
Mean 1.489 0.477 0.621 1.951 0.240 0.672
SD 0.032 0.042 0.032 0.012 0.014 0.039
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Figure 2. Coercivity distributions of components C1 and C2 found in all
samples of Fig. 1. The curves have been normalized so that each component
has a unit magnetization. The shape of the coercivity distributions of C1
and C2 is similar in all samples: differences in the bulk properties of the
samples arise from variations in the contributions of C1 and C2 to the total
magnetization.

samples. This observation supports the validity of the component
analysis performed, and suggests that: (1) all samples are affected
by common PM sources and (2) the distance from the sources does
not significantly affect the magnetic properties of the corresponding
magnetic component. The latter point is of particular interest, be-
cause the selective transport of finer particles over longer distances
may influence grain-size-sensitive magnetic properties. Flanders
(1999) observed a change of the bulk coercivity of dust samples
collected at increasing distances from fossil fuel power stations.
Changes in the bulk magnetic properties of PM can reflect a com-
positional trend, where the concentration of the high-coercivity fly
ash decreases with respect to that of the low-coercivity natural dust.
Indeed, the relative contribution of component C2 to the total mag-
netization of the PM is related to the degree of pollution at the site.
In the relatively unpolluted site GMA, outside Ziirich, the magnetic
contribution of C2 is 15 per cent. At KSN, C2 is responsible for
33 per cent of the magnetic signal, and in the motorway tunnel GUB
it reaches 47 per cent. This trend explains the observed change of
the bulk MDF of the ARM demagnetization curves from 1.68 (=
~ 48 mT) at GMA to 1.92 (=~ 57 mT) at GUB (Fig. 1). For com-
parison, the MDF of the individual components C1 and C2 is 1.49
=~ 31 mT) and 1.95 (= ~ 89 mT), respectively (Table 1).

3.3 A linear model for the component analysis
of PM samples

The characterization of coercivity distributions described above re-
quires precise and time-consuming measurements and is unsuitable

for systematic investigation of a large number of PM samples. Be-
cause of the constant shape of C1 and C2, the component analysis
can be substantially simplified by demagnetizing samples with only
a few steps (Egli 2004c¢). Since the shape of the coercivity distribu-
tions of C1 and C2 is fixed in all PM samples, eq. (1) is linear with
respect to the m;, and has constant coefficients. Consider the AF de-
magnetization curve of Fig. 3a, with four points that correspond to
increasing demagnetizing fields given by H7, H}, H; and H3 . The
last point, [+, may be limited by the maximum field of the AF coil.
Let M(Hy), M(HT), M(H;), and M(H7) be the measurements
after each demagnetization step, and AM; = M(H;) — M(H}).
The magnetic contribution of all minerals in the coercivity intervals
[Hy ,H{]and [H;, H3]is given by AM and AM,, respectively
(Fig. 3b). The integration of eq. (1) over the two coercivity intervals
gives:

AM;\ _ (ai ap m
(a) = (e () g

where m | and m, are the contributions of C1 and C2 to the measured
signal and

HF

aij = f ~ Si(H)dH 3)
is the contribution of the normalized ith component to the jth co-
ercivity interval (Fig. 3b). The mean distribution parameters re-
ported in Table 1 can be used to calculate the a;;. In the experiments
Hy =0and Hy =200 mT were chosen. Higher fields could have
been used for H 2*; however, truncation effects may affect the coer-
civity distribution near the maximum alternating field of 300 mT
used to impart the ARM (Kruiver ef al. 2001).

From the theoretical point of view, the choice of H{ and H; is
free, and setting H{ = H5 would save one demagnetizing step.
However, the solution of eq. (2) is influenced by the measurement
errors 8M; of AM;, and by model errors §a;; of a;;. Model errors arise
from the (small) variability of the components plotted in Fig. 2. The
effect of these errors on the solution of eq. (2) depends on the choice
of Hf and H5 . In order to find the optimal values of H{ and H;,
the error propagation has been calculated for different values of
H{, H,, and for different compositions of the sample. An aver-
age value of 0.2 per cent has been assumed for §M; from empirical
determinations of the measurement errors (Fig. 3c). The da; have
been calculated from the variance of the mean parameters of each
component, reported in Table 1. Results of this error calculation are
plotted in Fig. 4. The optimal values of H{ and H; depend only
slightly upon the composition of the sample, and H} = 20 mT,
H5 = 100 mT have been chosen. Accordingly, the solution of
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Figure 3. (a) Measurement of four demagnetization steps, defined by the
AF peak fields H7, H ;r, Hy and H 2* (b) Contributions of components C1
and C2 in the coercivity intervals defined by [H |, H T] and [H, , H 3’]
(dashed areas) to the magnetization of the sample in the same coercivity
intervals (black areas). (c) Relative error of the coercivity distributions of
GMA, KSN, WDK and GUB, calculated with the software CODICA (Egli
2003). The dashed line indicates the mean error assumed in the text.

eq. (2) is given by:

m; = +2.983AM, — 0.075AM,

my, = —0.643AM; + 2.729AM,. 4)
Results of the simplified component analysis using eq. (4) are re-

ported in Table 2. The magnetic concentrations obtained for C1 and
C2 are very similar to those of the complete component analysis
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described in Section 3.1 (Table 1). In the following, the data re-
ported in Table 2 are used for further interpretation because they
represent a realistic result for long-term monitoring of large sample
sets.

4 COMPARISON WITH CHEMICAL
MEASUREMENTS

PM10 samples from sites CHM, KSN and WDK and from other
sites in Switzerland were investigated in detail with chemical meth-
ods by Hiiglin (2000). The concentration of several elements and
chemical compounds was analysed in order to quantify natural and
anthropogenic sources of PM10 using a so-called receptor model.
According to this model, specific groups of compounds and the de-
pendence of their concentration with time are used as indicators
for the emission of certain sources. For example, elemental carbon
(EC) and polycyclic aromatic hydrocarbons (PAH), in addition to
elements contained in fuel additives such as Pb and Br, are con-
stituents of tail exhaust emissions. Fe, Ba, Cu and Sb particulates
are released by vehicle brakes. The receptor model established em-
pirical relationships between PM10 concentrations at investigated
sites and identified selected groups of elements for PM source ap-
portionment.

In our study, only one sample from each site has been analysed
with magnetic methods, and further investigation is needed on a
representative set of samples from each site. Nevertheless, the pre-
liminary results obtained for sites CHM, KSN and WDK offer the
possibility to compare estimation of pollution sources by magnetic
methods with existing studies. Chemical analysis is sensitive to the
mass contribution of the PM 10 sources, whereas magnetic investi-
gations are sensitive to the emission of magnetic minerals by each
source. Therefore, the sensitivity of chemical and magnetic mea-
surements can be quite different: particles released by vehicle brakes
may contribute a few per cent to the total PM10 mass but they are
expected to have a large magnetic signal due to their high content
of metallic Fe.

4.1 Relative and absolute quantification
of urban pollution

Fig. 5(a) shows the linear relationship between the total PM10 and
the PM10 from exhaust emissions, according to the receptor model
of Hiiglin (2000). The same relation has been found between the total
PM10 and the magnetic concentration of C2 (Fig. 5a). The contribu-
tions of exhaust emissions and of component C2 to PM10 disappear
when the total PM10 is as low as 10 ug m~—3. This PM10 value cor-
responds to the annual mean of site CHM, and can be interpreted as
the background contribution of natural (global and regional) PM10
sources. A good proportionality has been found between exhaust
PM10 and the magnetic concentration of C2 (Fig. 5b). Therefore
component C2 is identified with a specific magnetic contribution
of exhaust PM10 sources. Based on this assumption, a quantitative

Table 2. Results of the simplified component analysis performed on four-step AF demagnetization curves.

Sample Measured partial x ArRm Calculated m | and m m1 and m, expressed as
using eq. (4) magnetic concentrations
AM; (um® kg™h) AM; (um® kg™ mei(pm?® kg™!) mca(pm?® kg™") mc1(1071%) mca(1071%)
CHM 1.402 0.531 4.14+04 0.55+0.5 20.1 +2 2.7+2
GMA 1.877 0.810 554+0.5 1.00 £ 0.7 207.7 £ 20 37.6 £20
KSN 1.399 1.056 4.09+0.5 1.98 £ 0.6 172.3 + 20 83.4 +20
WDK 3.856 3.608 1123+ 1.3 737+ 1.6 5522+ 60 362.2 £ 70
GUB 3.079 3.602 891 +1.2 785+ 14 812.1 =100 715.3 £90
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Figure 4. Relative error (per cent) affecting the magnetic concentration m 2 of C2 calculated with a simplified component analysis on four-points demag-
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estimate of the mass contribution of exhaust emissions, cg, can be
deduced empirically from the magnetic concentration of C2, using
the proportionality found in Fig. 5(b):

ce(ug m2) = (5£0.7) x 108mc,. 5)

PM concentrations cannot be determined directly with passive
sampling methods which measure the total magnetization of dust
accumulated on exposed surfaces such as tree leaves (Flanders 1994;
Hannam & Heller 2001). A useful alternative is offered by the mea-
surement of the relative contribution of a specific magnetic compo-
nent which is related to one or more pollution sources, such as C2. In
Fig. 6, relative contribution of exhaust emissions to PM 10 at our sites
is plotted against the absolute exhaust emissions determined using
chemical and magnetic measurements. Good agreement is found
between our method and the results of Hiiglin (2000). These results
support the following simple method for the determination of traf-
fic PM10 concentrations with magnetic measurements on passively
sampled sites:

(1) Impart an ARM with >200 mT AF peak field.

(2) Measure the magnetization after 0, 20, 100 and 200 mT AF
demagnetization steps.

(3) Normalize the measurements to an initial magnetization of
100.

(4) Use eq. (4) to calculate m, in per cent of the total magneti-
zation.

(5) Use the plot of Fig. 6 to obtain the absolute exhaust pipe
PM10 value.

The measurement of one sample requires approximately 12 min
using a 2 G cryogenic magnetometer with an in-line AF degausser.

The method discussed above for the determination of traffic PM 10
is adequate only for sites with a pollution scenario similar to that
presented in this paper. Different pollution scenarios may include
other pollution sources with different magnetic properties, which
have to be completely reanalysed and recalibrated.

4.2 Source attribution of the magnetic components
in PM10

In the previous section an empirical proportionality relation has been
found between the traffic contribution of PM 10 and component C2.
In this section, the origin of C1 and C2 will be discussed.

Component C1 is predominant at the relatively unpolluted and
remote site CHM. Its coercivity distribution is very similar to that
of unaltered loess, which consists mainly of wind-blown natural
dust (Evans & Heller 1994; Spassov et al. 2003; Egli 2004a). Con-
versely, the magnetic concentration of C1 increases significantly in
polluted sites. For example, the magnetic concentration of C1 at
WDK is 27 times higher than the background level at CHM. A part
of the increased concentration of component C1 is most likely to be
produced by the resuspension of roadside dust by turbulence from
passing vehicles and other urban activities. Additional mineral dust
is produced by the abrasion of roads. These two factors accounted
for 30 per cent of the PM10 emissions in Switzerland during 1997
(Heldstab et al. 1999). In addition, an anthropogenic contribution to
Cl1 can also not be excluded. The coercivity distribution of this hy-
pothetical contribution may be similar to that of natural dust because
a third component could not be identified with component analysis.
Therefore, we make a new approach. We call component P1 the
contribution of pollution to component C1, and P2 the contribution
of pollution to C2. If N designates the magnetic component related
to natural dust, the magnetic concentrations of C1, m ¢y, and of C2,
mc, can be modelled as follows:

mcy = my + Nt rmy + mp; (6)

mcy = mpy

where N 7 my is the magnetic contribution of resuspended dust, N ¢
the traffic intensity, expressed in vehicles per hour and r is a pro-
portionality factor. The primary magnetic contribution of natural
dust, my, depends on local geological and meteorological settings.
According to Fig. 5(a), unpolluted sites in Switzerland are charac-
terized by a PM10 concentration of 2210 pug m~, a value close to
the annual mean of site CHM (Hiiglin 2000). If we assume that pol-
lution does not contribute to C1 at CHM, then m¢; = my ~ 20.1 x
107" (see mc; at CHM in Table 2).

In order to verify the model of eq. (6), it is necessary to have
an independent estimate of N tr, which can be obtained by com-
paring the concentrations of an element that is not produced by
any pollution source at various sites. A good candidate for such an
element is aluminium, since anthropogenic sources of aluminium
are negligible (Lantzy & Mackenzie 1979). The same approach as
for the magnetic counterpart (see eq. 6) is expected for the total
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Figure 5. (a) Annual mean PM 10 concentration at various sites (abscissa)
and the PM10 produced by exhaust emissions (ordinate), both after Hiiglin
(2000) (circles). For comparison, the magnetic concentration of component
C2 (dots) for the samples measured in this paper has been plotted as well.
Component C2 and exhaust PM10 show the same linear dependence on
the total PM10 concentration, defining a background PM10 concentration
of 10.45 ug m~3 (abscissa intercept). This concentration is comparable to
that of the unpolluted site CHM. (b) Relationship between exhaust pipe
emissions cg according to Hiiglin (2000) (abscissa) and the magnetic con-
centration m ¢y of component C2 (ordinate). The proportionality between
cg and m ¢ can be used to determine exhaust pipe emissions from magnetic
measurements (see eq. 5).

concentration of aluminium, ¢ 4;:
cal = Calg + Nrreay, 7

cai being the background aluminium concentration. The anthro-
pogenic term is assumed to be zero (see above). Ntr can be cal-
culated from eq. (7). cai, is known from the linear relationship
between c4; and the concentration of road dust, cgp, normalized
by the concentration of natural dust, cxp (Fig. 7a), both obtained
with the chemical receptor model. Estimates of road and natural
dust concentrations in PM10 are reported in Hiiglin (2000) for five
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Figure 6. Absolute (abscissa) and relative (ordinate) contribution of ex-
haust emissions in PM10. Open circles and the dashed best-fit line refer
to the analysis of Hiiglin (2000). Solid dots and the solid best-fit line refer
to the results of magnetic measurements, whereby exhaust emissions were
identified with component C2.

sites in Switzerland. A linear fit of ca; versus crp/cnp gives a
background Al concentration of ¢ 5, = 13.2 ng m~3 (Fig. 7a), close
to the measured mean annual Al concentration of 14 ngm~3 at CHM
(Hiiglin 2000). Solving eq. (7) for N1r and inserting into eq. (6),
yields for m¢;:

mcy = my + (b/caiz)crp/CNpMN 4 Mp)

mey = (201 =+ 47-SCRD/CND) x 10715 + mp;. (8)

The constant b is the correlation coefficient obtained from the fit in
Fig. 7(a) and amounts to 31.2.

If P1 and P2 are products of the same source, a proportionality
relation is expected between mp; and mp, (Fig. 7b). A least-squares
linear fit gives mp; = (1.15 £ 0.03) m p,. The magnetic concentration
of all components is then given by:

my =mcy — 1.15mcz
mp| = 1.15mc2 (9)
mpy = mca.

The magnetic concentrations of N, P1 and P2 can now be esti-
mated for all sites where crp and cyp are known (Table 3). An
individual source attribution of P1 and P2 is not possible with
the present data because the ratio of these two components is
the same in all sites. Possible magnetization carriers for P1 and
P2 are (1) fly ash particles produced by combustion processes,
(2) metallic and/or oxidized iron released by brakes and other
abraded parts of vehicles and (3) debris from tyre wear. Fly
ash particles are characterized by a relatively high coercivity,
because of the high stress developed during rapid cooling after
formation (Flanders 1999). The release of iron and oxidized iron
by rail brakes has been investigated by BUWAL (2002). Particles
released by brakes are relatively coarse-grained; nevertheless, about
50 per cent of the emissions consist of PM10. The coercivity of
these particles has not been investigated. Coarse iron particles
should fall into the multidomain range, and a low coercivity
might be expected if the coercivity is not increased by surface
oxidation. This latter process also affects natural magnetite grains
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Figure 7. (a) Relationship between the concentration of natural dust in
PM10, which is assumed to be proportional to the aluminium concentration
(ordinate), and the traffic intensity (abscissa), estimated by the ratio between
road dust and natural dust, both after Hiiglin (2000). BSL and BRN refer
to sampling sites in the cities of Basel and Berne, respectively. The linear
relation shown by the plot is compatible with a model for dust resuspension,
which assumes the amount of resuspended natural dust to be proportional to
the traffic intensity. The ordinate intercept at o] = 13.2 ng m~> defines a
background Al concentration, c a1, that is similar to the Al concentration in
PM10 from the unpolluted site CHM. (b) The coercivity distribution of the
pollution component P1 is similar to that of natural dust, and P1 cannot be
quantified with component analysis. An indirect estimate of P1 is obtained
by subtracting the contribution of natural dust from C1. According to this
estimation, P1 and P2 are proportional, as shown in the plot; a common
source of P1 and P2 is suggested.

(van Velzen & Dekkers 1999), and a portion of the brake emissions
could have a coercivity distribution that is similar to natural dust.
The magnetic properties of debris from tyre wear are controlled by
traces of iron oxides and iron sulphides that may be contained in
the tyres. Studies about the magnetic properties of products of tyre
wear have not been found in the literature.

4.3 Comparison of the magnetic results
with chemical analysis

The relationship between the total magnetic concentration of pol-
lutants, mp = mp; + mp,, and the occurrence of specific elements
indicative of road traffic emissions is shown in Table 4. Excellent
linear relationships have been found for Fe, Ba, Cu, Mo, Sb, Br
and elemental carbon, EC. Iron is contained in the majority of all
minerals that are able to carry a remanent magnetization, and a
good correlation between mass concentration and magnetization
is expected for this element. Fe, Ba, Cu, Mo and Sb are released
by vehicle brakes, and with the exception of Fe are specific for
this pollution source. The mass concentrations of brake-specific el-
ements are proportional to mp. Elemental carbon is contained in
exhaust emissions of diesel engine vehicles and in road emissions
(road dust, road abrasion), and is also emitted by heating installa-
tions in buildings and during wood firing. Consequently, road traffic
is not the only source of EC, and a background concentration of
310 ng m~3 can be deduced from Table 4. A proportionality relation
is also found between m p and Br, an additive of unleaded fuel. Linear
correlations between mp(= mp; + mp;) and various elements mea-
sured by Hiiglin (2000) are listed in Table 4. Significant correlations
are obtained only for the elements discussed above.

5 CONCLUSIONS

The magnetization of PM10 samples was analysed in order
to find a relation with the concentration of specific pollution
sources in Switzerland. Detailed AF demagnetization curves of
ARM of remote to kerbside sites were modelled with two magnetic
components, C1 and C2. After characterization of the coercivity
distributions of C1 and C2, a simple method for the quantification
of C1 and C2 was developed. This method is based on four-step
demagnetization curves, which can be measured in 12 min using a
2 G cryogenic magnetometer and an in-line AF degausser. A large
number of samples can be analysed in this way if basic assumptions
are maintained.

The magnetic contribution of C2 (=P2) was proportional to the
chemically estimated PM 10 mass contribution of exhaust emissions.
An estimation of the amount of resuspended dust was used to eval-
uate the origin of component C1, which dominates in weakly pol-
luted sites. However, the comparison between the samples shows
that C1 is also related to pollution sources. We suggest that C1 is
most probably the sum of two distinct components, N and P1, with
similar magnetic properties that cannot be resolved with component
analysis. Component N is composed of natural dust, which is partly
resuspended by traffic and other human activities in urban areas.
The magnetic contribution of P1 is proportional to P2, suggesting
that these two components are related to the same traffic related
pollution source P (= P1 + P2).

Elements emitted by traffic-related PM10 sources, such as Fe,
Ba, Cu, Mo, EC and Br, correlate very well with P (> > 0.998).
From these considerations it was possible to establish empirical
relations between the magnetic contribution of P on the one hand
and the mass contribution of traffic emissions on the other. Thus
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Table 3. Source attribution for the magnetic measurements of PM10 samples. Component N is related to natural dust; components P1 and P2 are related to
traffic pollution. The ARM susceptibilities of N and P1 4 P2 have been calculated as best-fit proportionality relation between their magnetic contributions and
their mass contribution in CHM, KSN and WDK. The mass contribution of N has been identified as road dust (excluding exhaust emissions from road traffic)
and road salt (including resuspended road dust); the mass contribution of P1 + P2 with exhaust emissions is according to the emission categories given in
Hiiglin (2000).

Sample Magnetic concentration, nc (1071%) P14 P2
Total N P1 P2 (per cent)
CHM 22£0.1 202 0+2 242 10+ 10
GMA 244+ 0.5 164 + 20 43 +£10 3810 33+4
KSN 251 +£0.5 95+9 78 £ 20 83 +£20 64+ 8
WDK 898 £2 115+ 10 437 £ 60 362 £+ 60 89 +7
GUB 1568 +3 0 812 £+ 100 715 £ 100 100
7 arM(1070 m3 kg™ 1) 16 +3 44540.8

Table 4. Correlation between the magnetic concentration of pollution, mp, and various substances analysed by Hiiglin (2000). The correlation is based on
samples CHM, KSN and WDK. Entries in bold type indicate a significant correlation at a 95 per cent confidence level.

Substance [Element, (ngm~)] = a + 10~'° x bmp Correlation Occurrence
a b coefficient, -2

Nitrate (5.6 = 3) x 10% (2.7 4 0.6) x 10° 0.950 Secondary aerosols

Sulphate (1.9 £0.5) x 103 (1.8£1) x 10° 0.778

Na™ (1.04 £ 0.05) x 102 (1.5+£0.1) x 107! 0.994 Road and marine salt

Mgt (242 £0.04) x 10! (3.3 4 0.08) x 1072 0.9994

cl- (0 +3) x 10° 9.0+ 0.7) x 102 0.990

Al (2.140.9) x 10! (744+02) x 1072 0.933 Mineral dust

Ca (9.0 = 4) x 10! (3.14£0.9) x 107! 0.931

EC (3.14+0.8) x 10° (8.240.2) x 10° 0.9996 Combustion product

ocC (1.340.6) x 10 (5.7 1) x 10° 0.946

Br (4.2 £0.5) x 10! (45+02) x 107! 0.9984 Fuel additive

Fe (4.2+2) x 10! (1.89 £ 0.05) x 10° 0.9993 Mineral dust,
Vehicle brakes

Ba (0£5)x 107! (3.6+£0.1) x 102 0.9985 Vehicle brakes

Cu ©0+1) x 10° (9.5+£0.2) x 1072 0.9984

Mo (0£6) x 102 (6.440.1) x 1073 0.9995

Sb O£5) x 107! (1.1 £0.1) x 1072 0.9906

Ni 4.7+2)x 107! (3.1 £0.5) x 1073 0.975 Products of

Mn (1.9+1) x 10° (1.8£0.3) x 1072 0.979 combustion and

\Y% (5.7+£1) x 107! 8.1£2)x 107 0.938 industrial processes

Pb (7.2 £3) x 10° (4.9 £0.6) x 1072 0.984

K (9.0 £3) x 10! (1.1 £0.8) x 107! 0.680 Various sources

Zn (9 £6) x 10° 3.5+1)x 1072 0.892

As 1.9+1)x 107! (54+2)x107* 0.811

magnetic measurements can be calibrated for quantitative estimation
of'the PM 10 mass concentration from traffic pollution sources. The
relative magnetic contribution of P2 can be used as an inexpensive
and fast proxy for systematic pollution monitoring of wide areas
with passive sampling methods (e.g. tree leaves).

The results of our study are based on measurements from only
a few sites. They encourage thorough investigation of more sites
related to different pollution scenarios in order calibrate magnetic
measurements for pollution monitoring.
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