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Abstract

Urban street dusts have been monitored monthly for one year (May 2000 to April
2001), their magnetic properties measured and their multivariate relationships
modelled by Simultaneous R- and Q-mode Factor Analysis, so as to differentiate
dusts from three urban roads (two in Wolverhampton and one in Dudley) in the
West Midlands (U.K.). Results show the street dusts contain a large range of
magnetic concentrations, magnetic mineralogy and magnetic domain sizes,
which has enabled significant differences (p < 0.001) to be identified between
individual roads. Whilst soil is proposed as a notable provenance for the dust,
magnetic values in this study are much higher than those previously reported for
topsoils and thus, indicate the influence of other sources, such as anthropogenic
pollutants. This indicates the potential of magnetic methodologies as a valuable
means of contributing to local and national road pollution monitoring schemes.
Furthermore, Factor Analysis aided the interpretation of dust variations and
simplified the inter-relationships between magnetic parameters, which highlights
its potential for classifying and discriminating urban street dust sources.
Keywords:  multivariate statistics, anthropogenic pollutants, topsoil, diesel
emissions.
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1 Introduction

Mineral magnetic analyses are now considered a routine form of analysis when
investigating the compositional properties of sediments, soils and dusts [1-3]
and have been applied to various environmental settings (e.g. fluvial [4];
lacustrine [5]; desert [6]; glacial [7]; estuarine [8]; coastal [9] and soils [10]).
Compared with other analytical methods mineral magnetics provides a
compositional tool, which is reliable, rapid, non—destructive, inexpensive and
sensitive to low detection levels [11]. Consequently, this has assisted
understanding linkages between health and respirable airborne particulate matter
[12], association with organic matter [13, 14], progressed spatial and temporal
pollution studies [15, 16], benefited air-borne particulate discrimination [16, 17]
and highlighted its suitability for aiding biomonitoring of air quality [18, 19].

Mineral magnetic data sets are multivariate. However, as the number of
samples and parameters increase, it can be increasingly difficult to understand
how n samples are arranged relative to all m parameters together. Multivariate
methods of data analysis are mainly used to provide a visual perception and
indication of simultaneous relationships and alliances. Data are simplified, major
trends emphasized and minor variations ignored [20]. For example, simultaneous
R- and Q-mode factor analysis have discriminated and grouped samples in other
environmental contexts [21, 22]. However, this approach has received little
attention as a means of classifying urban street dusts.

Ongoing research is investigating the physico-chemical properties of urban
West Midland street dusts, which includes the characterization of their magnetic
properties. Within this context, this paper has two objectives: (a) to present
initial results on the magnetic properties of urban street dusts and (b) to employ
Simultaneous R- and Q-mode Factor Analysis to investigate multivariate
relationships of magnetic data and, thus, differentiate urban street dusts.

2 Study area

Street dust was collected from three roads within the urban West Midlands,
U.K., two roads are located in Wolverhampton City Centre, with the third road in
a residential area of Dudley (~10 km south of Wolverhampton): (i) Urban Road
1 (National Grid Reference: SO 391650-298730) — Lichfield Street is the main
approach road to the main bus station in Wolverhampton City Centre. The road
is closed to most vehicles except buses and taxis; hence buses contribute almost
all traffic, with thousands using the route daily (~2000). Frequently, these
vehicles are held up at traffic lights at one end of the road, regularly causing
queues of vehicles idling outside buildings. Four and five storey buildings on
both sides of the road aid a small street canyon effect, which impedes the
dispersion of traffic related emissions, thus contributing to high concentrations of
airborne particulate matter [23]; (ii) Urban Road 2 (National Grid Reference: SO
391460-298840) — Wulfruna Street is also situated in Wolverhampton City
Centre ~200 m from Urban Road 1. In contrast, this road is only occasionally
used by heavy duty vehicles, does not carry high traffic flows and the buildings
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do not produce any significant street canyon effect and (iii) Residential Road
(National Grid Reference: SO 393580-291420) — Meadow Road is a residential
road in suburban Dudley, which is infrequently used by heavy duty vehicles and
carries very low traffic flows, with no local industries nearby.

3 Methods

3.1 Sample collection

Street dust was collected from six regularly spaced locations along each road on
a monthly basis, for one year (May 2000 to April 2001). Typically, dust samples
of between 10-50 g were collected by brushing with a small paintbrush inside a
1 m® quadrat. Dust was transferred to clean, pre-labelled, self-seal, airtight
plastic bags. In the laboratory, samples were visibly screened to remove
macroscopic traces of hair, animal and plant matter. Samples were then oven-
dried at <40°C and fractionated through a 63 pm sieve. The decision to analyse
only the <63 pm fraction was because these particles are easily transported in
suspension, with the finest capable of remaining airborne for considerable
durations. Samples were then weighed and prepared for analysis [14].

3.2 Mineral magnetic analyses

All samples were subjected to the same preparation and analysis procedure [2].
Initial, low-field, mass-specific, magnetic susceptibility (y r) was measured
using a Bartington MS2 susceptibility meter. By using a MS2B dual frequency
sensor, both low and high frequency susceptibility were measured (y r and yyg),
allowing the frequency dependent susceptibility to be calculated (Ygpes)-
Anhysteretic Remanence Magnetisation (ARM) was induced with a peak
alternating field of 100 mT and small steady biasing field of 0.04 mT using a
Molspin A.F. demagnetizer. The resultant remanence created within the samples
was measured using a Molspin 1A magnetometer and the values converted to
give the mass specific susceptibility of ARM (yxarm). Samples were then
demagnetized to remove the induced ARM and exposed to a series of
successively larger field sizes up to a maximum ‘saturation’ field of 800 mT,
followed by a series of successively larger fields in the opposite direction
(backfields), generated by two Molspin pulse magnetisers (0-100 and 0-—
800 mT). After each 'forward' and 'reverse' field, the isothermal remanent
magnetisation (IRM) of the sample was measured using the magnetometer.
Interpretations of the main parameters used are summarized by Booth et al [10].

3.3 Multivariate statistical analyses

All data analyses were performed using MINITAB PC (version 12). Multivariate
statistical methods [24, 25] are frequently used to analyse mineral magnetic data
sets [21, 22]. In this study, ‘Simultaneous R- and Q-mode Factor Analysis’ was
used. These are based on eigenvector methods and can be performed separately.
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Basically, R-mode methods are similar to Principal Components Analysis [20,
25] and Q-mode methods are very similar to Cluster Analysis but follow a
similar procedure to Principal Co-ordinates Analysis [20, 25].

In order to perform R- and Q-mode Factor Analysis, it is first necessary to
standardize the raw data matrix to remove the effects of different parameters
being measured on different scales. If a common standardization procedure is
employed on the raw data matrix prior to the R- and Q-mode analysis, a common
set of factors is extracted, and both the parameter factor and sample factor
loadings are relative to these same underlying factors [25, 26]. The loadings can
therefore be plotted in the same two-dimensional factor space for any two of
these factors. The mathematical procedure, involving a range of basic matrix
algebra operations upon the original raw data matrix (of n samples by m
parameters), is widely available [22, 25, 26].

4 Results and discussion

4.1 Magnetic characterization of urban street dust

Mineral magnetic results are summarized in Table 1. It is notable that the mean
yur value of Urban Road 1 samples (144.22 x107 m® kg™) is significantly greater
than both Urban Road 2 (14.96 x107 m® kg) and Residential Road samples
(15.47 x107 m® kg'). Compared to published values [13, 15, 17, 27], this
indicates Urban Road 1 dusts contain very high concentrations of magnetic
minerals, greater than nearly all other published values for dust localities.
However, in contrast, Urban Road 2 and Residential Road values are lower than
most other previously published values. For instance, urban street dust mean y r
value of Liverpool (23.7 x10”7 m’ kg™) is almost twice those of Urban Road 2,
and residential dust mean y;r values of Shanghai (29.9 and 41.3 x107 m’ kg™)
are almost two to three times greater than those of the Residential Road [27].

Mean Soft percentage and Hard percentage values (Table 1) for each of the
roads indicate ferrimagnetic ‘magnetite-type’ minerals (low coercivity) are more
dominant than canted antiferromagnetic ‘haematite-type’ minerals (high
coercivity). Soft percentage values of each road are comparable, whilst the hard
percentage value of Urban Road 1 is notably greater than both Urban Road 2 and
Residential Road. When these data are compared with other (e.g. [16, 27]) it is
noticeable that Soft values (16.8-42.2%) and Hard values (1.8-15.6%) of urban
dusts (industrial and residential) are also dominated by low coercivity minerals
[27]. S-ratio values shows mean values of ~ —0.7 for each of the roads, which
provides further evidence of a dominance of magnetically soft minerals.

Based on a semi-quantitative mixing model [28] and magnetic interpretations,
domain size data indicate all samples from each site contain comparable (coarse
stable single domain grains) ferrimagnetic mineral sizes, with the domain size of
some Urban Road 1 samples bordering multidomain / pseudo-single-domain
sizes. Additionally, the proportion of superparamagnetic grains is typically
10-50% for each of the roads (Urban Road 1 ~60%, Urban Road 2 ~65%, and
Residential Road ~75% of the samples) and with some samples (Urban
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Road 1 ~20%, Urban Road 2 ~30%, and Residential Road ~25%) containing
virtually no superparamagnetic grains (rpe, ~0—10%). In contrast, ~20% Urban
Road 1 samples contain virtually all superparamagnetic grains (}ppy, ~50—
100%). Although these data indicate distinct differences between samples and
between individual sampling sites, the degree of magnetic domain variation
highlighted in this study is notably less than those of Shu et al. [27], who
observed urban dust samples to range from virtually all multidomain / pseudo-
single-domain grains to virtually all superparamagnetic domain grains.

Table 1: Mean magnetic data and standard deviation (in parentheses)
measurements of urban West Midland street dusts.

Magnetic All Samples Urban Road Urban Road Residential Road
Parameters n=216 In=72 2n=72 n="72
YLE 58.83 144.22 14.96 15.47
(107 m* kg™ (84.21) (99.99) (0.66) (0.90)
YD 437 7.00 3.10 2.95
(%) 4.01) (5.61) (2.07) (1.33)
YARM 2.67 4.11 2.85 0.99
(107 m* kg™ (2.03) (2.00) (1.62) (0.91)
SIRM 5952.99 11005.55 4962.96 1711.23
(10° Am’kg") | (5301.17) (5364.36) (2898.97) (1570.13)
SOFT 17.59 17.40 17.73 17.63
(%) (3.17) (5.32) (1.04) (0.82)
HARD 427 8.57 2.48 1.65
(%) (5.97) (8.37) (2.26) (1.57)
S-ratio -0.76 -0.78 -0.76 -0.73
(none) (0.08) (0.12) (0.02) (0.04)
ARM/y 3.20 1.34 6.16 2.07
(102 Am™) (3.26) 1.21) (3.59) (1.96)
SIRM/ARM 64.45 84.36 54.21 54.36
(none) (15.25) (8.51) (3.09) (2.23)
SIRM/x 187.30 110.25 336.44 112.03
(102 Am™) (177.73) (94.41) (201.44) (105.90)
Yarm /SIRM 0.51 0.38 0.58 0.58
(10° Am™) (0.10) (0.04) (0.04) (0.02)

4.2 Magnetic differentiation of urban street dust

To determine any evidence of significant variations between each of the sample
sites, ANOVA F-tests were performed (Table 2). With the exception of SOFT%,
the sample site populations for each parameter significantly differ (n = 216;
p <0.001). However, variations of temporal analyses are statistically
insignificant and reveal no apparent trends (data not presented).

Factor analysis was then performed using all mineral magnetic parameters.
The first two factors extracted explain 68.0% of the variation in all of the nine
original parameters. Parameter and sample loadings extracted from Factors 1 and
2 were used to generate a factor plot (Figure 1). Factor 1 explains 40.8% of the
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variation in the parameters and consequently, several parameters are related to
this factor. The yr, Hard and SIRM/ARM parameters have positive loadings on
Factor 1, and the yarm/SIRM parameter has negative loadings on Factor 1.
Factor 2, on the other hand, explains 27.2% of the variation in the parameters,
and the SIRM/y, ARM/y and SOFT parameters have positive loading on Factor
2 and the S-ratio has negative loadings on Factor 2.

Table 2: ANOVA F-test analyses from the urban West Midland street dust
populations, values show F-calculated (F-critical = 3.04; p < 0.05)
and the significance level for each magnetic parameter (° = not

significant).

Magnetic F- P-value Magnetic F- P-value
Parameters calculated Parameters calculated

XLF 115.65 <0.001 S-ratio 10.19 <0.001
XFD% 29.41 <0.001 ARM/y 78.16 <0.001
XARM 67.70 <0.001 SIRM/ARM 724.19 <0.001
SIRM 116.13 <0.001 SIRM/y 58.58 <0.001
SOFT,, 0.20 0.815™ | y.rm/SIRM | 868.11 <0.001
HARD,, 38.30 <0.001

From the spread of the sample loadings, samples are strongly influenced by
both Factors 1 and 2. However, sample spread along Factor 1 axis has separated
Urban Road 1 samples from those of both Urban Road 2 and Residential Road
samples. Consequently, Urban Road 1 samples have positive Factor 1 loadings
and both Urban Road 2 and Residential Road samples have negative Factor 1
loadings. Therefore, it is inferred, those parameters positioned at opposite ends
of the Factor 1 axis are appropriate for differentiating urban street dusts of the
West Midlands. This suggests R- and Q-mode Factor Analysis can successfully
be applied as a rapid and useful means of assessing which analytical parameters
can be used to discriminate dust sample populations.

4.3 Source ascription of urban street dusts

A principal application of the mineral magnetic approach is the elucidation of
sediment-source-linkages [1-3]. In many magnetic provenance studies
qualitative statements are frequently proposed for probable sources [21, 22].
Typically, superparamagnetic and stable single domain size grains dominate
free-draining surface soils and therefore, are proposed as the principal source for
the street dusts. This interpretation is similar to Xie et al. [31], who identified
surface soils as being the dominant source of street dusts in the City of
Liverpool. Magnetic pedological studies [29, 30] have shown the mean ;¢ and
ey, Of topsoils to be 7.3 x107 m® kg™ and 4.1%, respectively. Comparison of
our results to these data shows dusts from Urban Road 2 and Residential Road
are similar to typical topsoils. However, mean y;r and yrpe, values for Urban
Road 1 are considerably higher than typical topsoils. This suggests that, in
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addition to surface soils, Urban Road 1 dusts must contain a sizeable
contribution of other sources of magnetic minerals. Compared to typical
vehicular derived values dusts [15], Urban Road 1 values are within the typical
range of this source. Therefore, it is further proposed, vehicular derived particles
represent a second dust source.
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Figure 1: Simultaneous R- and Q-mode Factor Analysis plot of Factor 1

versus Factor 2, showing the relationship between the three roads,
based on the magnetic characteristics of the samples.

SEM dust analyses show Urban Road 1 contain Fe-rich, spherical
particulates. Sphericule sizes (0.2-2 pum) are similar to pseudo-single-domain
grains (0.7-10 pm). Hanesch and Petersen [32] used electron microscopy to
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demonstrate the presence of combustion-generated, metallic spherules in brown
earths. Therefore, it is plausible the source of coarse stable-single-domain grains
is an anthropogenic pollutant, particularly as Urban Road 1 has restricted access
and several thousand diesel engine buses use the route daily. Therefore, the
likely source is diesel emissions.

5 Conclusions

Urban West Midland street dusts contain a large range of magnetic
concentrations, magnetic mineralogy and magnetic domain size characteristics,
with some values much greater than similar published work, which has enabled
notable differences to be identified between individual roads. It is inferred that
magnetic measurements offer a viable approach to distinguish urban street dusts
and, thus, indicates the potential of magnetic methodologies as a valuable means
of contributing to local and national road pollution monitoring schemes.
Simultaneous R- and Q-mode Factor Analysis aided the interpretation of the
nature of urban street dusts variations and simplified the inter-relationships
between magnetic parameters. However, this work also highlights that this form
of multivariate data analysis, applied to atmospheric magnetism data, shows
considerable potential for classifying and discriminating urban street dusts.
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