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Abstract

The study describes an investigation into the sources of atmospheric particles collected at 11 sites across Shanghai,
China, during one week in November 1998. Source ascription is based on mineral magnetic and geochemical properties,
and a chemical mass balance (CMB) model. The CMB model shows that the main contributions to total suspended
particles (TSPs) are products of coal combustion, with lesser contributions from construction sites, vehicle emissions,
windblown soil and steel-making furnaces. The spatial variability of concentration-dependent magnetic parameters and
heavy metal concentrations support the findings from the CMB model. In general, the variability of magnetic quotient
parameters is lower than for concentration parameters. This suggests that there are relatively constant proportions of low
coercivity ‘magnetite’ and high coercivity ‘haematite’ mineral phases in dust samples at all sites, with a dominance of
superparamagnetic (SP) and multidomain (MD) + pseudo-single domain (PSD) ‘magnetite’ grains. MD + PSD grains
are produced to a large extent by fossil-fuel combustion emissions, particularly from the main iron and steel manufactur-
ing and power generation industrial complex. Linear multiple regression analyses show that some non-destructive and
rapid magnetic measurements may be used to estimate the concentrations of common heavy metals in TSPs. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction models (Henry et al., 1984; Watson et al., 1990; Watson
and Chow, 1991; John et al., 1998; Pinto et al., 1998).
Increasingly, magnetic properties of particles have also
been shown to provide a simple and effective means to
source ascription in both modern polluted samples (Hunt
et al., 1984; Oldfield et al., 1985; Hunt, 1986; Thompson
and Oldfield, 1986; Charlesworth and Lees, 1997

One of the most urgent tasks for atmospheric environ-
mental protection is to monitor present and future par-
ticle loadings in urban areas from point and diffuse
pollution sources. This allows the drawing-up of policies
aimed at reducing emissions and the appraisal of their

long-term effectiveness. In many urban areas, the diver-
sity of particle emissions makes source ascription diffi-
cult. Organic and inorganic properties of particles are
often described using physical and chemical measure-
ments and linked to source properties through chemical
mass balance (CMB) receptor models and multivariate
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Flanders, 1999; Xie et al., 1999a, b; Matzka and Mabher,
1999; Petrovsky and Ellwood, 1999) and pre-industrial
sediment (Oldfield et al., 1978). The strong variability of
Fe-mineral phases in particles provides the basis for their
characterisation from a variety of sources: fossil-fuel
combustion, iron and steel manufacturing, plating indus-
tries, vehicle emissions, construction materials and
wind-blown soil. Previous studies have shown that the
magnetic properties of airborne particles may be strongly
associated with heavy metal concentrations (Linton et al.,
1980; Hunt et al, 1984; Beckwith et al., 1986) and
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mutagenic organic compounds (Morris et al., 1995). The
legacy of historical particle loadings is often seen in the
high concentrations of ferrimagnetic (e.g. magnetite) and
canted antiferromagnetic minerals (e.g. haematite) in
O and A soil horizons, especially in urban areas and at
sites downwind of industrial centres (Strzyszcz, 1989;
Dearing et al., 1995; Hay et al., 1997). A major magnetic
component consists of Fe-rich spherules (>10um) in
fly-ash (Ondov et al., 1979; Keyser et al., 1978), generated
during coal combustion and derived directly from con-
version of framboids present in the coal. Hansen et al.
(1981) showed that these spherules are enriched with
chromium, manganese, cobalt, nickel, copper, zinc and
beryllium. Strong associations between magnetic para-
meters and the metal contaminants, but not total Fe,
suggest that most Fe exists in weakly magnetic forms,
which in mixtures of particles may provide evidence for
minerals with natural origins, such as soil (Georgeaud
et al., 1997). In a recent pilot study of atmospheric
particles in Shanghai, China, magnetic measurements
alone provided an exceptionally simple and effective ap-
proach for identifying daily variations in particle loading
and sources (Shu et al., 2000). The purpose of this paper
extends the analysis of these samples to investigate the
value and sensitivity of magnetic techniques in combina-
tion with heavy metal analyses. Receptor modelling cal-
culations are used to define types and proportions of
source particles in TSPs deposited in residential areas
and urban districts at various distances from two large
industrial complexes. These districts were selected for this
study because local residents may already be exposed to
high TSP loadings, particularly from coal-burning and
re-worked road dust (Ji et al, 1993) under certain
weather conditions. For example, during autumn 1996,
daily TSP concentrations reached 264pugm™2 in the
Shanghai metropolitan area, a value that was 23 pgm ™3
higher than the annual mean value, and 38 pgm ~3 higher
than the rural area during the same period (Shanghai
Municipal Environmental Protection Bureau, 1997).

2. Sample collection and measurements
2.1. Sample collection

TSPs were sampled at 11 sites during the period 5th to
11th November 1998, mainly within and around Taopu,
the chemical industrial area (sites 1, 2, 4) lying at the NW
edge of the city centre, and Baoshan, the iron and steel
manufacturing and coal-fired power generation complex
plants (sites 6, 7, 8, 9, 10, 11) lying N of the city area,
(Fig. 1). Two further sampling sites were situated in
residential areas, about 2.5km W (site 3) and Skm S (site
5) of the Taopu area (Fig. 1). An automatic meteorologi-
cal station, made by DAVIS Instruments Corp. USA,
stationed close to site 11 provided standard meteorologi-

cal data adjusted with records from the city’s meteoro-
logical observatory. TSPs were collected in mid-volume
samplers manufactured by Shanghai Hongyu Equipment
Factory (Ji et al., 1993) that were placed on roofs and
canopies at least 3m above the ground surface. The
samplers were continuously operated for 24 h period per
sample, at a flow rate of 0.15m>*min~'. The sampling
program gave 75 filters with TSP samples (site 5 was
short of two days sampling). Clean and pre-weighed glass
fibre filters (diameter 100 mm) were stored in a desiccator
for 24 h before loading into sample holders. The filters
with samples were stored in a desiccator for 24 h again
after sampling and mass calculated from weight differ-
ence.

2.2. Magnetic and metal measurements

Routine isothermal magnetic measurements (Thomp-
son and Oldfield, 1986; Walden et al., 1999; Maher and
Thompson, 1999) were carried out on filters folded into
10ml plastic pots. Low- and high-field magnetic sus-
ceptibility (y.r and yur10”¥m3kg™!) and derived
frequency-dependent susceptibility (ypp 10 8m3kg™1)
measurements were obtained using a dual-frequency
(470 and 4700Hz) Bartington Instruments MS2 Sus-
ceptibility Meter. Anhysteretic remanent magnetisation
(ARM 10~ °m3kg~!) was induced in a steady field of
0.1mT imposed on a peak AF field of 100mT, and the
remanence measured in a Molspin spinner mag-
netometer. The values are expressed as susceptibility of
ARM (yarm 1078 m3kg™!) by dividing ARM by the
steady field. Acquisition of isothermal remanent magnet-
isation (IRM 10~ °Am?kg™!) was made in fields of 20,
30mT, 1 T (SIRM) followed by demagnetisationin — 20,
— 30, —40, — 50, — 100, and — 300mT using a Mol-
spin pulse magnetiser and spinner magnetometer. Mag-
netic parameters are expressed on both mass-specific and
quotient bases in order to give quantitative and qualitat-
ive information y.r (107 8m3kg™'); yrp (tir — Yur
10" ¥m3kg™'); SIRM (1073 Am?kg ™~ '); yarm (10~ 3m?
kg™1!); SOFT (SIRM —IRM_,,r 107 3Am?kg™!);
HIRM ([SIRM — IRM _300mr1/2 107 5Am? kg~ 1); yep %o
(100 X [yve- xurl/xie); SIRM/yip (kAm™'); SOFT %
(100 x [SOFT/SIRM]) and HARD % (100¥*[HIRM/
SIRM]). The magnetic susceptibility ypr represents the
total contribution of Fe-bearing minerals in the mineral
assemblage but is normally controlled by the total
ferrimagnetic concentration (Thompson and Oldfield,
1986). Frequency-dependent susceptibility yrp approx-
imates to the total concentration of superparamagnetic
(SP) grains (Dearing et al., 1996), while ARM (yarm)
approximates to the concentration of stable single do-
main (SSD) and fine pseudo-single domain (PSD) fer-
rimagnetic grains (King et al, 1982; Maher, 1988).
Saturation isothermal remanent magnetisation (SIRM)
is related to the total remanence carrying mineral
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Fig. 1. Shanghai, China. The location of 11 sampling sites around two industrial complexes.

assemblage but controlled largely by SSD ferrimagnetic
grain concentrations and the presence of canted antifer-
romagnetic minerals. Thompson’s calculation (1986) sug-
gested that low coercivity remanence (SOFT) is expected
to approximate to the concentration of ‘magnetite’, espe-
cially for low coercivity grains in the multidomain (MD)
and possibly SP/SSD boundary ranges, while Oldfield
and Richardson (1990) suggest that high coercivity
remanence (HIRM) can be used to estimate the total
concentration of canted antiferromagnetic minerals
(‘haematite’). SOFT % and HARD % can be used to
approximate the relative proportion of ferrimagnetic and
canted antiferromagnetic components in a sample, re-
spectively (Oldfield, 1991). SIRM/y ¢ is controlled by

SSD magnetite grains and to a lesser extent by the
proportion of ‘haematite’. ygp % is related to the propor-
tions of SP magnetite and may be interpreted semi-
quantitatively (Dearing et al., 1997).

Dust samples were digested in hydrofluoric acid, nitric
acid and perchloric acid in platinum crucibles (Thomp-
son and Walsh, 1991a) and metal concentrations for 14
elements (Na, Mg, Al, K, Ca, Ti, Fe, Cu, Pb, Zn, Mn, Ni,
V, As) were determined (Thompson and Walsh, 1991b)
by ICPS (Perkin-Elmer Plasma-2000). The standard
deviation of repeated measurements was <10% for all
samples. The arithmetical mean of metal concentrations
of 10 clean filters was measured and subtracted from
measurements of filters with samples.
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3. Results and discussions
3.1. TSP concentrations

The wind speeds were relatively weak (0.2-0.6ms™ 1)
during the sampling period and northerly, except for
a southerly wind on the fifth day. Therefore, it is assumed
that long-distance transported particles are less signifi-
cant than local pollution sources over the period. Over-
all, the spatial distribution of TSPs shows that the mean
dust concentrations at site 6 (533.1ugm™3) and site 7
(398.8ugm~?) close to Baoshan and at a downwind
location (site 11 537.0 ugm ~3) were higher than that at
site 1 (233.5pgm™3), site 2 (269.2pgm~3) and site 4
(273.8 ugm~?) adjacent to Taopu. Highest concentra-
tions (1069.4 ngm~ %) were attained on one day at site 5.
TSP concentrations for all sites are higher with NW
winds and lower with S wind directions, implying the
important contribution of emissions from the northern
industrial zone.

3.2. Magnetic properties of TSPs
The mean magnetic measurements of 10 clean filters

for yir, SIRM and yarm are 2.3753 +0.2401
(107 8m3kg~1), 7.0376 +0.3002 (10 3Am’kg~') and

Table 2

04614 + 0.1107 (10" 3m3kg ') respectively, and while
the values show some Fe contamination during manufac-
ture they are typically 2-3 orders of magnitude lower
than measurements made on filter plus dust samples.
Table 1 summarizes the ranges, arithmetic means and
standard deviations of magnetic measurements of daily
TSP samples, showing that the magnetic concentrations,
minerals and grain sizes vary from site-to-site and day-
to-day. The highest maximum and mean magnetic con-
centrations (yp g, SIRM, yarm, HIRM and SOFT) are
found at sites 6, 7 and 8 (Table 1) adjacent to the Baoshan
complex (Fig. 1). These data are explained by the wide-
spread coexistence of ferrimagnetic ‘magnetite’ phases in
SSD, PSD and MD sizes, and high coercivity ‘haematite’
phases. The exact mineralogy is likely to be complex and
non-stoichiometric. Maximum, minimum and mean
xLr and SIRM values for the other sites are 20-60%
lower. The lowest magnetic concentrations are found at
site 3, a residential quarter ~ 3km W of the Taopu
chemical industrial zone. The #-test results (Table 2) indi-
cate that the high values of y; ¢ and SIRM at sites 6, 7 and
8 are statistically distinct from other sites, demonstrating
the effect of the Baoshan complex as a major source of
non-SP ‘magnetite’ to local and downwind locations. In
contrast, the influence of the Taopu industrial zone on
dust magnetic properties seems slight. These tendencies

Probability by #-test from 75 samples at 11 sites with y; r (A) and SIRM (B). Bold script means to reject the null hypothesis (Expectations

are equal) at the 0.05 significance level

(A) xor

Site 2 3 4 5 7 8 9 10 11
1 0.3662 0.0226 0.7951 0.4140 0.0202 0.1040 0.0099 0.4025 0.5451 0.0483
2 0.1232 0.3094 0.9575 0.0131 0.0318 0.0041 0.9844 0.6796 0.2533
3 0.0364 0.0785 0.0073 0.0046 0.0011 0.1542 0.0286 0.5149
4 0.3730 0.0247 0.1798 0.0166 0.3355 0.4394 0.0646
5 0.0354 0.0345 0.0130 0.9762 0.7172 0.1858
6 0.0741 0.3346 0.0135 0.0150 0.0084
7 0.1377 0.0364 0.0432 0.0071
8 0.0045 0.0050 0.0015
9 0.7178 0.2887
10 0.0765

(B) SIRM
1 0.4600 0.0305 0.6818 0.1983 0.0368 0.0416 0.0065 0.9963 0.7972 0.1266
2 0.1890 0.3272 0.6007 0.0285 0.0184 0.0035 0.6467 0.3602 0.4910
3 0.0467 0.3400 0.0189 0.0030 0.0010 0.2379 0.0324 0.4166
4 0.1966 0.0456 0.1013 0.0140 0.7801 0.8607 0.1196
5 0.0553 0.0205 0.0072 0.4926 0.1781 0.9000
6 0.1323 0.3522 0.0416 0.0411 0.0266
7 0.2016 0.1010 0.0328 0.0065
8 0.0157 0.0095 0.0017
9 0.8730 0.3877
10 0.1080
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Number of days

LT 1

Site 1 Site2 Site3 Site4 Site5

AL IR

Site6 Site7 Site8 Site9 Site 10 Site 11

M SP 10%, MD+PSD 90%

O SP 10-50 %, MD+PSD 90-
50%

B SP 50-75 %, MD+PSD 50-
25%
I SP 75-100 %, MD+PSD 25 %

Fig. 2. Number of days dominated by SP and MD + PSD magnetic domain sizes at 11 sites during sampling period.

in mean data are apparent even when the day-to-day
magnetic variability is taken into account (Table 1) (Shu
et al., 2000).

Variability in magnetic quotients is generally less than
for concentration parameters. The small ranges of mean
values of SOFT% (24-28%), HARD% (4-6%) and
SIRM /¢ (12-16 kA m 1) across the sites suggest rela-
tively constant proportions of ‘magnetite’ and ‘haematite’
mineral phases at all sites. Mean values for frequency-
dependent susceptibility percent (ygp %) > 7 % at sites
1,2, 3, 4,9 and 10 indicate a significant contribution by
ultra fine-grained (<0.03um) SP ‘magnetite’, typically
found in soil. According to a semi-quantitative mixing
model (Dearing et al., 1997) the proportion of grain sizes
is typically 10-50% SP and 50-90 % MD + PSD at all
sites during most of the sampling period (Fig. 2). How-
ever, the proportion of MD + PSD grains rises to 90%
on 1 and 4 days at sites 6 and 7, respectively, both
situated closest to the Baoshan iron and steel complex.
The effect of Baoshan may also be apparent at site 5,
which although 13km downwind, has an enhanced pro-
portion of MD + PSD grains. Iron and steel manufac-
turing, fossil-fuel combustion and associated traffic
activity clearly give rise to ferrimagnetic (and ferromag-
netic) phases in fly-ash and Fe-particles dominated by
MD + PSD domain sizes, but it is not possible to distin-
guish between them using these magnetic measurements
alone (Petrovsky and Ellwood, 1999).

3.3. Distribution of heavy metal and magnetic
concentrations

Fig. 3 gives arithmetic mean measurements of 14
chemical elements and 3 magnetic parameters (ypp,
SIRM, and ygp) for the sampled particles. The concentra-
tions of some marker elements Fe, Mn, Zn and Ni for
steel-making furnaces (Xudong et al., 1994; Institute of
Environmental Protection and Research in Shanghai,
1996; Zhang et al., 1998) at sites close to Baoshan (sites
6 and 8) are higher than at other sites. The effect of these
industries as a source for Fe is also seen in the downwind
site 5. The high concentrations of marker elements Al, Ti
and As at sites 1, 4, 8 and 10 indicate a predominant coal
combustion source (Xudong et al., 1994; Institute of En-
vironmental Protection and Research in Shanghai, 1996;
Zhang et al.,, 1998), whereas Ca, Mg and Mn indicate
construction materials, and Al, K, Ti and Mn indicate
wind-blown soil. Higher concentrations of Pb at sites
3 and 8 reflect the impact of vehicle emissions. The
sur and SIRM values have similar patterns as Fe,
Mn, Ni, V and Zn confirming that ferrous particles
and magnetic spherules in emissions from heavy industry
and coal-fired power generation are the main causes
of high ferrimagnetic concentrations. The association
of yrp with Al, As, Cu, Mg and Na is consistent with
soil and other lithogenic sources for the SP grain
fraction.
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Fig. 3. The mean concentrations (mgg~') of 14 elements and 3 magnetic parameters for TSPs at 11 sites.
Table 3
Source profile (arithmetic mean values) used in modelling calculations (Units: mg g~ )
Source types Na Mg Al K Ca Ti Fe Cu Pb Zn Mn Ni Vv As
Coal combustion 4.99 1.56  90.90 4.45 831 4.10 9.16 053 1.88 2.46 0.12 0.10  0.10 0.20
Vehicle emissions 4.04 6.49 2510 6.29 58.59  1.60 1971 052 640 1.27 0.62 0.10  0.10 0.10
Steel-making furnace 9.25 4932 6.78 6.89 53.50  0.90 2424 0.96  3.63 19.04 2710 2400 0.10 0.10
Cement 0.74  23.00  51.50 440 3560 3.20 22,68 0.08 0.28 0.40 1.39 020  0.10 0.10
Soil 9.32 121 7940 2340 9.87 520 40.88  0.08 0.28 0.40 1.08 020 010 0.10
Oil boiler 17.50 515 0.00 0.37 36.27  0.60 5.65 1342 015 0.51 0.47 840  1.00 0.00

3.4. Chemical mass balance calculations

Estimates of the contributions of sourced particles
to the TSPs at all sites were made using a chemical
mass balance (CMB 7.0 US Environmental Protection
Agency) receptor model (Watson et al., 1990; Watson and
Chow, 1991). The CMB analysis consists of an effect-
ive variance least-squares estimation of a set of linear
equations:

J
MEi= Z Fiij,i=1,...,I (1)
j=1

j=

where ME is the concentration of elements i in TSPs
measured at 11 sites; Fis the fraction of elements i in TSP

emissions from sources j, I is the number of chemical
elements, and S; are estimations of the contribution of
source j (Watson et al., 1990). In Shanghai, six main
source-types () are officially defined according to the
published associations between chemical elements (i) for
coal combustion, vehicle emissions, oil boiler combus-
tion, steel-making furnaces, cement production and
wind-blown soil (Xudong et al., 1994; Institute of Envir-
onmental Protection and Research in Shanghai, 1996;
Zhang et al., 1998). The source composition profiles (F)
with 14 (/) marker elements (i) for six emission sources ()
that are used in the receptor modelling calculations are
listed in Table 3.

The CMB modelling results for mean primary con-
stituents of 75 samples for each sampling site are shown
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Table 4

Relative arithmetic mean contributions of different source types to TSPs

(4) Chemical industrial area (Taopu) and Residential quarters

Source types Site 1 Site 2 Site 3 Site 4 Site 5
Coal combustion 0.509 0.232 0.394 0.545 0.312
Vehicle emissions 0.199 0.354 0.298 0.186 0.106
Steel-making furnace 0.014 0.000 0.005 0.003 0.026
Cement 0.274 0.247 0.269 0.266 0.454
Soil 0.000 0.167 0.034 0.000 0.102
Oil boiler 0.000 0.000 0.000 0.000 0.000
72 1.9 2.0 1.7 1.9 1.8

(B) Iron and steel manufacturing and power generation complex (Baoshan)

Source types Site 6 Site 7 Site 8 Site 9 Site 10 Site 11
Coal combustion 0.196 0.201 0.601 0.408 0.529 0.415
Vehicle emissions 0.056 0.347 0.157 0.459 0.260 0.186
Steel-making furnace 0.095 0.028 0.047 0.020 0.006 0.027
Cement 0.374 0.201 0.195 0.061 0.204 0.250
Soil 0.279 0.222 0.000 0.051 0.000 0.122
Oil boiler 0.000 0.000 0.000 0.000 0.000 0.000
Ve 1.4 1.8 1.5 2.0 2.1 1.8

in Table 4. Also shown are measures of the CMB model
accuracy, given by % (p = 0.01). Values of 2 lie in the
range 1.4-2.0, indicating an acceptable fit of the model to
the data (Watson et al., 1990). It can be seen that coal
combustion constitutes the main source of TSPs, such as
site 1 (51%) situated downwind of Taopu; site 10 (53%),
site 11 (42%) and site 4 (55%) situated downwind of
Baoshan. At site 8, close to the Baoshan power plants the
contribution by particles from coal combustion rises to
~ 60%. Despite the introduction of some new power
generation technologies, the data suggest that older
coal-fired combustion processes still represent the major
pollution source at many sites across the city. Emissions
from vehicles and cement production, which are
dependent on local traffic distributions, road conditions
and urban construction, are the next ranked sources
of TSPs. The contribution by particles from vehicle emis-
sions reaches ~ 30% at site 3, ~ 35% at site 2 and
site 7, and ~ 46% at site 9. The particle contribution
from cement production is ~ 25-27% at most sites,
comparable to values of ~ 20% measured in Beijing,
China (Wang, 1985), which rise to over 35 % at
sites 5 and 6 adjacent to construction sites. These high
values demonstrate the significance of dust emissions
related to the widespread construction activities in this
rapidly developing city. On average, steel-making emis-
sions appear to make relatively small contributions to
TSPs ( < 10%), even at sites in proximity to furnaces
(sites 6, 7 and 8).

3.5. Elemental-magnetic relationships

The first transition group elements (V, Cr, Mn, Fe, Co,
Ni, Cu and Zn) are enriched in the magnetic spinel
fraction of fly-ash (Hulett et al., 1980 ). Thus this group is
expected to be associated with y;r, SIRM, yarm, SOFT
and HIRM values. In contrast, s-block elements such as
Na and K in group I, Mg and Ca in group II and p-block
elements such as Al in group III, and As in group V ele-
ments are mostly enriched in soil and construction ma-
terials, and are expected to be associated with ygp and
HIRM values. These associations in the present data set
are shown by multiple linear regression equations

Xtransimion = 01 fLr + %2 SIRM + a3 yARM
+ 4, SOFT + a5 HIRM, 2)

Yerouvr-v = B1xrp + B2xmen + 3 HIRM. (3)

Here Xppansirion' and  Ygroup v represent first
transition group elements and group I-V elements, re-
spectively, and o;, f; (i from 1 to 5, from 1 to 3) are
partial regression coefficients. Using the stepwise
method, from Eq. (2) and (3), we obtain regression equa-
tions for 11 elements (Table 5) showing relatively high
correlation coefficients (R? = 0.50-0.94; p = 0.01) with
corresponding magnetic parameters. Relationships be-
tween magnetic parameters and K, Ti and Pb are statist-
ically insignificant. The overall findings show that (1) the
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Table 5

Linear multiple regression of magnetic parameters with chemical elements in 75 TSP samples

R square F Signif. F Regression equations
First transition elements
0.9420 235.5970 0.0000 Fe = 23.6756 + 0.1578 y ¢ — 0.0041 SIRM
0.6125 20.0087 0.0000 Zn = 4.1001 + 0.0059 y1r
0.7179 76.3290 0.0000 V =0.0986 + 0.015 yrr
0.8594 183.4290 0.0000 Mn = 1.1572 + 0.0002 SIRM
0.6289 24.5700 0.0000 Ni = 0.0938 4 0.0003 7.r — 0.0001 HIRM
0.5001 13.4390 0.0001 Cu = 0.6200 + 0.0008 yy — 0.0002 HIRM
Elements in group I and II
0.6279 24.4636 0.0000 Ca = 190.6098 + 7.2344 ygp + 0.0514 HIRM
0.6451 16.9624 0.0000 Na = 1.2181 4 0.2178 ygp + 0.0040 HIRM — 0.0019 SOFT
0.5400 10.9539 0.0001 Mg = 29.8486 + 1.7123 ygp + 0.0146 HIRM — 0.0055 SOFT
Elements in group III and V
0.6628 28.5053 0.0000 Al = 82.7519 + 5.3494 ygp + 0.0241HIRM
0.6113 14.6752 0.0000 As =0.4250 4 0.1442 ygp + 0.0026 HIRM — 0.0051 yarm

first transition group elements V, Mn, Fe, Ni and Zn are
enriched in the magnetite component (y r and SIRM)
that is derived mainly from coal-fired combustion
processes; (2) the relationships between the elements
Ca, Na, Mg, Al and As, and HIRM and yyp, indicate
that the main sources of ‘haematite’ phases are wind-
blown soil and construction materials carrying particles
containing CaCQOj;, Al-compounds and Mg-compounds.
Both results are consistent with the source apportion-
ment derived from CMB modelling and confirm that
magnetic parameters may be used to identify dust sour-
ces and as proxies for the concentration of chemical
elements.

4. Conclusions

o The spatial and temporal distributions of TSP load-
ings and their magnetic properties sampled during one
week at 11 sites across Shanghai, China are predomi-
nantly related to particles emitted from the northern
Baoshan industrial and power station complex.

e Particles from other sources (wind-blown road dust,
soil and other emissions) comprise secondary compo-
nents that become relatively more important with dis-
tance away from the northern industrial zone and
urban area.

o These findings are supported by the outputs from
a chemical mass balance receptor model that appor-
tions particles to iron and steel manufacturing, power
generation, vehicle emissions, oil boilers, construction
and wind-blown soils using 14 marker elements. Coal
combustion from all sources constitutes the main
source of TSPs, with particles from construction ma-
terials, vehicles, wind-blown soil and steel making fur-
naces ranked lower.

e Linear regression equations with heavy metal and
magnetic parameters reveal that y;r, SIRM, HIRM,
SOFT, yarm and ygp may be used to estimate the
concentrations of the main metal elements of TSPs
from anthropogenic sources.

e The results show that a combined magnetic and geo-
chemical characterization of TSPs in urban and indus-
trial settings may mutually reinforce source definition.
Rapid and non-destructive magnetic measurements
provide a very useful method for making first order
estimations of TSP sources and heavy metal contami-
nation.
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