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a b s t r a c t

Clear association exists between ambient PM10 concentrations and adverse health outcomes. However,
determination of the strength of associations between exposure and illness is limited by low spatial-
resolution of particulate concentration measurements. Conventional fixed monitoring stations provide
high temporal-resolution data, but cannot capture fine-scale spatial variations. Here we examine the
utility of biomagnetic monitoring for spatial mapping of PM10 concentrations around a major industrial
site. We combine leaf magnetic measurements with co-located PM10 measurements to achieve inter-
calibration. Comparison of the leaf-calculated and measured PM10 concentrations with PM10 predictions
from a widely-used atmospheric dispersion model indicates that modelling of stack emissions alone
substantially under-predicts ambient PM10 concentrations in parts of the study area. Some of this
discrepancy might be attributable to fugitive emissions from the industrial site. The composition of the
magnetic particulates from vehicle and industry-derived sources differ, indicating the potential of
magnetic techniques for source attribution.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, identification of the adverse health effects
associated with exposure to particles smaller than 10 mm aero-
dynamic diameter (PM10), particularly those smaller than 2.5 mm in
diameter (PM2.5), has been an active and growing research area.
Short-term (<1 h) exposure to peak levels of PM10 has been
strongly associated with adverse cardiovascular and respiratory
health impacts (e.g. Curtis et al., 2006; Schwarze et al., 2006).
However, epidemiological and toxicological studies also indicate
that longer-term cumulative exposure to relatively small increases
(<10 mgm�3) in ambient PM10 and PM2.5 concentrations impact
adversely on human health (e.g. COMEAP, 2009). Additionally, Pope
et al. (2009) have shown a marked improvement in health
outcomes in response to programmes of active reduction of
ambient particulate pollution concentrations. Their findings
suggest that reductions in ambient particulate pollution concen-
trations of just 10 mgm�3 are associated with increased life
expectancy, independent of socioeconomic, demographic or life-
style (e.g. smoking habits) factors.
ard).
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However, the specific causal links between the degree of
exposure and the likelihood/severity of adverse health impacts
within a population remain uncertain, and calculated risk estimates
also differ between studies (e.g. Schwarze et al., 2006). This may be
due at least in part to the reliance of many epidemiological studies
on exposure data from relatively low spatial-resolution networks of
monitoring stations (e.g. up to 5 miles from residences; e.g. Karr
et al., 2006; Woodruff et al., 2006). Such coarse-scale data are
a limiting factor in determining dose response relationships at an
individual rather than population level, due to finer-scale variations
in particulate pollution concentration and/or size across the urban
environment (e.g. Brook et al., 2004; Monn, 2001), depending on
particle source.

A global increase in implementation of mitigation techniques
(e.g. Balat, 2008; Minguillón et al., 2009) has led to a decline in
emissions of industrially-sourced particulate matter (e.g. EEA,
2008). However, despite decreasing pollution emissions from
industrial point sources, monitoring shows that industry continues
to impact on local and regional particle concentrations at a range of
distances from the source (e.g. Sharma and Tripathi, 2008; Wang
et al., 2010). Our ability to fully understand and quantify, and
hence manage down, such contributions is currently limited by the
scarcity of monitoring data that are generally available. While
temporal resolution is high, spatial coverage tends to be poor,
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limiting our ability to resolve between, for example, multiple sites
of emission.

In an effort to address the low spatial density of conventional
fixed monitoring stations, PM10 surfaces have been modelled.
Atmospheric dispersionmodelling systems such as ADMS 4.1 (CERC
Ltd., Cambridge, UK; CERC, 2010) or AERMOD (US Environmental
Protection Agency; U.S. EPA, 2010a) are widely used to model
emissions from industrial pollution sources for regulatory
purposes. Dispersion models use meteorological data, stack height
and diameter, in addition to estimates of emission quantities,
temperature and exit velocity, to model the dispersion of industry-
derived particulate emissions. However, validation data at high
spatial resolution are sparse, and quality of model parameters can
be limited; for example, emission data are often approximated from
diurnally-trended monthly fuel usage, while data taken from the
nearest meteorological station to the study area may not be fully
representative due to local-scale variability. Additionally, detailed
knowledge of all emissions (especially on complex sites) and the
effects of varying terrain on PMdispersion and deposition is limited
at present, resulting in uncertainty in modelled results (e.g. Parker
and Kinnersley, 2004).

There is thus a need for high spatial-resolution particulate
pollution monitoring techniques which are able to capture local
variation in pollutant concentration.

Biomagnetic monitoring, using tree leaves as sampling surfaces,
can generate high spatial-resolution PM10 proxy data. Whilst urban
anthropogenic particulates may consist of a complex mixture of
organic and inorganic components, they almost invariably contain
magnetic particles, which derive from iron impurities in the fuel.
Upon combustion, a non-volatile magnetic residue is formed, often
a mixture of ferrimagnetic (magnetite/maghemite-like) and
imperfectly antiferromagnetic (haematite-like) iron oxides. In
urban particulates, a strong correlation has been observed between
magnetic susceptibility/remanence and PM10 concentrations (e.g.
Morris et al., 1995; Muxworthy et al., 2003; Sagnotti et al., 2006;
Szönyi et al., 2008), as a proxy for particulate pollution concen-
trations. Magnetic techniques are sensitive and rapid (e.g. Matzka
and Maher, 1999; Muxworthy et al., 2003; Maher et al., 2008;
Szönyi et al., 2008). Tree leaves provide particularly good
sampling surfaces as they are already prevalent throughout the
urban environment and require no power source or protection
from vandalism. Whilst this approach is limited, for deciduous
species, to the in-leaf season (i.e. w 8 months p.a.), the spatial
resolution of PM10 mapping enabled by this technique represents
a step change improvement in current data availability.

This study focuses on deciduous tree leaves, reflecting both
species availability in the study area (S. England) and previously
established species inter-calibration data (Mitchell et al., 2010). In
order to identify ambient particulate pollution levels, it is necessary
to use leaves from tree species which reach dynamic equilibrium
with ambient PM10 concentrations rapidly, i.e. by surface capture of
particles (Mitchell et al., 2010) rather than internal uptake of
particles into the leaf structure (e.g. Lehndorff et al., 2006). Leaves
from the deciduous species used here (Methods section below)
have been found to reach magnetic dynamic equilibrium (e.g.
Chamberlain and Chadwick, 1972) at the roadside after w 6 days
(Mitchell et al., 2010) compared to an equilibration time of>2 years
for evergreen species (e.g. Lehndorff et al., 2006).

Variations in leaf shape and surface morphologies are the
probable cause of variations in particulate dry deposition velocities
to the leaf surface of different tree species. Deposition velocity of
particles to ridged/hairy leaf surfaces is likely to be much greater
than to smooth/waxy leaves. Consistent deposition velocities have
been reported for several tree species (e.g. Freer-Smith et al., 2005;
Mitchell et al., 2010). Magnetic measurements of leaves from
several deciduous species can thus be inter-calibrated (Mitchell
et al., 2010), optimising sampling density and resultant spatial
resolution of the proxy PM10 data.

Previous work has shown that magnetic biomonitoring can be
a robust, quantitative technique for identifying ambient concen-
trations of anthropogenic PM10; strong correlation has been
demonstrated between leaf saturation remanent magnetisation
(SIRM) and/or magnetic susceptibility (c) values and the amount of
combustion- and/or abrasion-derived pollution particles on the leaf
surface (e.g. Halsall et al., 2008; Maher et al., 2008; Szönyi et al.,
2008). Correlations between magnetic parameters and toxic
metals, such as lead, zinc and iron, have also been identified (e.g. Lu
and Bai, 2006; Maher et al., 2008; Morton-Bermea et al., 2009).

Here, we report a biomagnetic study which monitored partic-
ulate pollution around a large combustion plant in the U.K.. The site
has 1 chimney stack,w200 metres tall, with annual mean emission
rates w 6 m s�1 (range¼ 0.1e11.89 m s�1). First, we examine leaf-
magnetic data, combined with co-located ambient PM10 concen-
trations (from SidePak AM510 personal aerosol monitors), in order
to assess how representative leaf magnetic values are of ambient
particulate concentrations. We then use the biomagnetic data to
quantify PM10 concentrations at high spatial resolution, and
compare the leaf-derived and measured PM10 concentrations with
those predicted by a conventional dispersion model. Finally, we
briefly compare the magnetic characteristics of vehicle- and
industry-derived pollutant particles from sites in the U.K.

2. Methods

A pilot biomagnetic study was carried out in 2006, with leaves sampled from 12
sites along north and east transects (9 km N and 11 km E) originating at the elevated
stack of a large combustion plant located in England. Subsequently, leaves from 52
sites around the plant were sampled at monthly intervals from May to September,
2008, with an additional campaign in September 2009 (Fig. 1). Rainfall and transient
inputs of relatively ‘non’-magnetic PM10 from distal sources (e.g. tropical/sub-
tropical dust storms) can affect the attainment of dynamic equilibrium between leaf
surface and ambient PM10 concentrations (Sagnotti et al., 2006). Available fixed
monitoring station data indicate that the sample locations used in this study were
not influenced by transient peaks in long range transported particulates. To mini-
mise any local meteorological effects, sampling was always done within two
consecutive, rain-free days.

With the exception of the 2006 pilot study (when both high tree and low shrub
canopy samples were collected), leaf samples were collected at 1.5e2 m height from
trees located at >30 m from any road, in order to minimise the contribution from
immediately adjacent sources, such as traffic (e.g. Hoffmann et al., 1999; Szönyi et al.,
2008). To obtain data at highest possible spatial resolution, using the previously-
established inter-species calibration (Mitchell et al., 2010), the following tree species
were sampled: birch (Betula pendula), beech (Fagus sylvatica), lime (Tilia platy-
phyllos), field maple (Acer campestre), ash (Fraxinus excelsior), sycamore (Acer
pseudoplatanus), elder (Sambucus nigra), elm (Ulmus procera), and willow (Salix
alba).

All leaf samples were refrigerated at 5 �C before being taken to the Centre for
Environmental Magnetism and Palaeomagnetism (CEMP) at Lancaster University for
magnetic analysis using the protocol outlined in Mitchell and Maher (2009).
Appendix 1 provides a short explanation of the magnetic parameters used.

Co-located PM10 concentration data were collected from a subset of sites (37)
over the whole sample area during the September 2009 campaign, using handheld
SidePak AM510 personal aerosol monitors.
3. Results

3.1. Leaf magnetic values and particulate pollution

In the initial pilot study (2006), leaf magnetic enrichment ratios
(ER) were measured for leaves from 12 locations along north and
east sampling transects (Fig. 2). Leaves were collected from both
high (>1.5 m) and low (<0.5 m) canopy vegetation. For calculation
of the ERs, all values were divided by a 2006 background (leaf area-
normalised) SIRM value (measured >10 km from the source) of
3�10�6 A; this value is consistent with measured background



Fig. 1. Map showing the major industrial point source, conventional fixed monitoring stations, road network (motorway and A-roads indicated in bold), tree sampling sites (all
months) and SidePak ambient PM10 monitoring sites (September 2009).
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SIRM values in Lancashire and East Anglia, UK (Mitchell and Maher,
2009; Maher et al., 2008). High- and low-level leaf samples exhibit
different trends with distance from the stack point source (Fig. 2).
Close to the source, low level foliage (nettles) exhibited high ER
values (up to 60), which rapidly decreased within 2 km in both
directions. Higher level foliage (sycamore) displayed initially low
leaf SIRM ERs (10e30), which increased to a peak (30e50) at about
2 km from the source, decreasing beyond this point. Brambles
generally followed the same trend as the trees along both transects
(with one anomalously low value w 2 km north of the source).

Subsequently, sampling of tree canopy leaves (w 1.5e2 m
height) was carried out at monthly intervals (summer 2008,
summer 2009). These monthly samples revealed consistent peaks
in leaf SIRM values at <2 and w5e10 km from the point source
(Appendix 2). Fig. 3 shows the distribution of leaf SIRM values
around the stack point source, for September, 2008. Maximum
(species-normalised) leaf SIRM values in September 2008,
measured within 2 km of the source, were w 6� higher than the
background values (12.6�10�6 A compared with 2.1�10�6 A). The
highest leaf values occurred NE and SWof the point source. There is
no evidence of progressive increase in leaf SIRM values with time.
For example, leaf SIRMs in August 2008 were lower than those
obtained in the preceding June and July 2008, whilst values
increased again in September 2008. Nor is there any evidence of
direct influence of local, traffic-derived pollution; the spatial
pattern of leaf SIRMs varies independently of the sample distance
from the road networks (multivariate regression analysis;
t¼�0.586, p¼ 0.56, n¼ 168; Fig. 3a). To assess the reliability of the
tree leaves as PM collectors, ambient PM10 concentrations were
measured at a subset of the sampled tree locations. In September
2009, 37 samples were collected using a handheld SidePak AM510
personal aerosol monitor (5-minute sample time). The measured
ambient PM10 concentrations around the point source ranged from
2 to 35 mgm�3 (Fig. 3b), with highest concentrations observed in
the direction of the prevailing wind, at distances< 2 and w
5e10 km from the point source. The co-located ambient PM10
values display correlation with the leaf SIRM values (September,
2009) (R2¼ 0.71, p¼ 0.01, n¼ 37, Fig. 4).

The strong correlation identified between leaf SIRM values and
ambient particulate concentrations indicates that the average wind
pattern over the leaf equilibration period was similar to the wind
pattern (speed and direction) on the days of active air sampling. In
September 2009, the SW component was greater than the NE
component, and the pattern was dominated by higher wind speeds
(5 m s�1< u< 16 m s�1; Fig. 4c).

We can use deposition velocity

ðmVdÞ calculations ðmVdÞ ¼ flux=concentration (1)

where flux¼ SIRMleaf/m2s and concentration¼ SIRMfilter/m3 based
on time series experiments with controlled leaf exposure periods
(Hazelrigg, UK data; Fig. 5) to estimate the time period of leaf
exposure prior to equilibration with ambient PM10 concentrations
here.

To attain dynamic equilibrium (e.g. Chamberlain and Chadwick,
1972) around this industrial source, the calculated exposure time is
w20 days. However, this is a minimumvalue, as it does not account
for loss during rain episodes or periods with lower than average



Fig. 2. Pilot study results showing trends in leaf SIRM enrichment ratios with distance from the stack point source.
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ambient PM10 concentrations. Startingwith 20 days prior to the leaf
sampling and progressively increasing the dataset in 24-hour
timeslots, the wind patterns were assessed for similarity with the
wind patternwhen active air sampling took place. Strong similarity
is identified between the wind patterns on the days of active air
sampling and the average wind patterns by inclusion of meteoro-
logical data up to 32 days prior to leaf sampling (Fig. 4b and c).

It is useful to compare the correlation observed at a predomi-
nantly traffic-influenced site between ambient PM10 concentra-
tions and leaf SIRM values with that seen in the present study,
where samples have been taken at a distance from roads but
potentially impacted by the industrial site and its large combustion
plant. While strong correlations are observed between leaf
magnetic values and ambient concentrations in both contexts, the
correlations differ; the traffic-influenced leaf SIRM values (Hazel-
rigg, U.K.) are up to three times greater than those measured here
(Fig. 5). This might be explained by a lower mean deposition
velocity around this industrial site, inferring a difference in the
magnetic particle size fraction. However, it might also be explained
by a difference in the composition of the magnetic particulates
predominant in the traffic- and the industry-derived emissions.

3.2. Magnetic mineralogy and particle characteristics

The three main factors contributing to the measured leaf
magnetic properties are magnetic mineralogy, concentration and
magnetic grain size. The leaves around this U.K. stack point source
acquired some magnetic remanence at low applied fields, indi-
cating the presence of at least somemagnetically soft material, such
as magnetite; w15% of the total room temperature remanence was
acquired below 20 mT, w 40% by 50 mT and w 60% by 100 mT.
However, between 5 and 15% of the SIRM was acquired between
100 and 300 mT, and up to 15% acquired at high magnetic fields, i.e.
above 300 mT (% HIRM). Additionally, the samples retain 25e50% of
their HIRM upon AF demagnetisation at 100 mT. Such “hard”
magnetic behaviour is characteristic of haematite, ofw0.2 mmgrain
size (Maher et al., 2004). Notably, the 15 samples collected within
w2 km of the industrial site were all magnetically distinct from
those collected further away; in all months, samples local to the
source were characterised by lower % HIRM (<5%) and cARM/SIRM
(<13�10�5 A�1) values than other, more distal samples in the
study area.

Because haematite has much lower magnetisation than
magnetite, it must be present in high concentrations, relative to
magnetite, in order to contribute the HIRMs measured here. The
magnetite: haematite ratio for these leaf samples is estimated at
w1:32 (i.e. based on their HIRM and ‘S’ ratios (Table 1; Frank and
Nowaczyk, 2008). In absolute terms, comparison of magnetic
properties (IRM20, HIRM) of synthetic ferrimagnets with those of
roadside samples (Lancaster, UK; Mitchell and Maher, 2009) indi-
cates the presence of approximately equal concentrations of
haematite and magnetite (w0.2%). Conversely, the samples from
this industrial point source study indicate the presence of w 0.01%
haematite, but only w 0.0001% magnetite. Thus, compared with
strongly vehicle-influenced PM10, the ambient particulate emis-
sions around the area in this study contain much greater haematite
concentrations. This difference of w2 orders of magnitude in the
haematite:magnetite ratio can thus account for the different leaf/
PM10 correlations shown in Fig. 5.

Taking into account these relatively high haematite concentra-
tions in the industry-influenced pollutants, leaf-measured cARM/
SIRM values may be up to 75% lower than those expected from pure
magnetite (Frank and Nowaczyk, 2008; Fig. 6). Corrected cARM/
SIRM values indicate, for the magnetite component of the leaf
particles, a dominant magnetic grain size of w0.1e1 mm (Maher,
1988).

3.3. Comparison of leaf-calculated PM10 with modelled PM10

concentrations

Given the strongcorrelationbetween theSIRMsof tree leaves and
independently-measured, co-located ambient PM10 concentrations,



Fig. 3. (a) species-normalised (Mitchell et al., 2010) leaf magnetic values and (b) conventionally-measured PM10 concentrations for September 2009. Local wind speed and direction
for 32 days and 2 days prior to sampling shown bottom right of figures a & b, respectively.
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leaf SIRMs can be used as a robust, quantitative proxy for particulate
pollution around this potential industrial source of particulate
pollution. Leaf-calculated PM10 concentrations around this indus-
trial site range from 6 mg/m3 to 41.3 mg/m3, with the highest values
located w2 and w4 km north of the stack (Fig. 7a). Interpolating
between the leaf-calculated PM10 values (using inverse distance
weighted (IDW) interpolation) produces a PM10 concentration of
17 mg/m3 at the location of, and in agreement with, the single
conventionalfixedmonitoring station locationwithin the study area
(15 mgm�3; mean hourly value for 32 days prior to sampling).

Leaf magnetic values (SIRMs), as a proxy for ambient PM10

concentrations, can therefore be used to test modelled PM10
predictions. Here, we compare the leaf-calculated PM10 concen-
trations around the industrial site with predictions of the contri-
bution from the site’s main stack made using a widely used,
Gaussian plume air dispersion model, ADMS (CERC, 2010).



Table 1
Magnetic properties of samples, indicating maximum and minimum values, with
mean and standard deviation.

Min Max Mean SD

%IRM20 6.39 34.73 15.94 4.41
%IRM50 31.86 66.40 43.41 6.80
%IRM100 40.62 83.74 60.25 6.43
%IRM300 76.35 99.56 93.35 4.25
%HIRM 0.44 24.65 11.81 8.96
%HIRMaf100 24.76 52.14 42.15 10.06
cARM/SIRM 3.20 101.43 33.85 17.32
MDFARM 26.06 44.25 37.52 9.78
S ratio 0.65 0.99 0.79 0.05

Fig. 4. (a) Correlation of 2009 leaf SIRM values with independently-measured PM10

values (R2¼ 0.71, p¼ 0.01, n¼ 37.). Local wind speed and direction shown for the 2
days of pumped air sampling (b) 32 days prior to pumped air sampling (c).
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The modelled ambient PM10 concentrations for the 32 days prior
to the September 2009 sampling campaign are shown in Fig. 7b. The
maximum peak (w0.5 mgm�3) occurs w4 km NNE of the point
source stack, with a secondary peak (0.2e0.3 mgm�3)w4 km SWof
the point source stack. Negligible contribution from the plume
(<0.02 mgm�3) ismodelledwithin1 kmof the source, and to theNW
and SE of the point source. Modelled maximum values occur in the
prevailingwinddirection (Fig. 6b). This patternpartiallycorresponds
with that indicated by the leaf-calculated PM10 values, consistent
with a plume ‘touch-down’ at w4 km from the source. Locations of
modelled and leaf-calculated PM10 peak values were similar in the
NE quadrant, but differed slightly to the SE and SW (Fig. 7).

However, compared both to the directly-measured and the leaf-
calculated PM10 concentrations, the modelling (based on stack
emissions) under-estimated peak ambient PM10 concentrations
substantially. The modelled results indicated a maximum stack
contribution to ambient PM10 concentrations of 0.5 mgm�3. The
maximumdirectly-measured and leaf-derived PM10 concentrations
were 35 and 42 mgm�3, respectively, at a location within 2 km of
the site, and 23 and 27 mgm�3, respectively, at a distance ofw 4 km
from the site, with a background level generally in the
10e15 mgm�3 range (Fig. 7a).

4. Discussion

Tree leaves around the industry-influenced area in this study
exhibited significant enrichment of their SIRM values, reflecting
Fig. 5. Correlation of leaf magnetic values and ambient PM10 concentrations, derived
from vehicle pollution (Hazelrigg UK; high-vol sampling 1636 m3 collected at a rate of
1133 l/min; Mitchell et al., 2010) and industrial stack point source pollution.
surface accumulation of particulate pollutants. Maximal leaf SIRM
values were consistently observed close to the industrial site
(within 2 km radius) and at w 4e10 km from the stack in the
direction of the prevailing wind (Appendix 2). Absolute (monthly
sampling) leaf SIRM values appear to have been affected by both
wind velocity and output from the industrial site. In contrast to the
evergreen tree species used by Lehndorff et al. (2006), the decid-
uous leaf-magnetic values measured here display no progressive
increase over consecutive monthly samples throughout the in-leaf
season. This indicates that the leaf magnetic signature is dominated
by particles deposited on the leaf surface (rather than incorporated
within the leaf structure). Lower leaf SIRM values weremeasured in
August and September 2008, consistent with a reduction in activity
at the industrial site. Additionally, September 2008 was charac-
terised by high levels of rainfall, and lowwind speeds (Appendix 2).
Higher leaf-SIRMs were measured in June and July 2008, in asso-
ciation with increased activity at the industrial site and in
September 2009, consistent with greater wind velocity. ADMS-
modelled outputs for the study area indicate particulate deposition
from the plume is negligible at wind speeds below 5 m s�1. At
higherwind speeds, the plumemay lose heat andmomentummore
quickly, and be ‘knocked down’ to ground level resulting in raised
particulate concentrations (McAlpine and Ruby, 2004).
Fig. 6. Comparison of leaf cARM/SIRM ratios and MDFARM values (raw, and corrected for
haematite contribution to the SIRM) from around the point source with leaf values
from areas with predominantly vehicle- (Mitchell and Maher, 2009) and volcanic-
derived particles (Quayle et al., 2010) and magnetite particles of known grain sizes
(Maher 1988; Dankers, 1978; Özdemir and Banerjee, 1982).



Fig. 7. (a) IDW-interpolated leaf-calculated PM10 values and (b) modelled plume based on meteorological conditions for 32 days prior to sampling using standard inputs for source
for September (2009).
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The spatial patterns of leaf SIRM values correspond with the
monthly-averaged prevailing wind direction from the industrial
site; they show no correspondence with road networks. The pres-
ence of a consistent peak in leaf SIRM values immediately around
the combustion plant may reflect fugitive emissions, such as
windblown dust from stock piles, conveyor belts and unloading/
pulverising of fuel, landfill site activity and/or vehicle movements
(trains/heavy goods vehicles/cars) around the site. The lower %



R. Hansard et al. / Environmental Pollution 159 (2011) 1673e16811680
HIRM (<5%) and cARM/SIRM (<13�10�5 A�1) values of the samples
collected within w 2 km of the industrial site, compared to more
distal samples in the study area, are indicative of a differing
mineralogy with a greater concentration of ‘softer’ magnetic
minerals, such as magnetite, of slightly coarser magnetic grain size.
Back-calculations using ADMS results indicate that in order to
generate the observed near-site PM10 concentrations, approxi-
mately 5e10 g s�1 PM10 is required to be generated on site from
fugitive sources. Emission factors (U.S. EPA, 2010b) indicate this is
a reasonable value, suggesting that fugitive emissions may indeed
be contributing to the elevation in local PM10 concentrations (i.e.
observed within w2 km of the point source). However, these
emissions cannot account for the peaks in PM10 concentrations at
more distal sample locations.

The data presented here demonstrate that the actively-sampled
ambient PM10 concentrations and the SIRM values of the passively-
collecting leaf samples display a strong direct correlation. As the
SidePak AM510 measures at 1 s intervals and returns a mean value
over a 5-minute sampling duration, it is susceptible to short-term
fluctuations in particle concentration. The manufacturer’s reported
error for the Sidepak AM510 is �10% but co-location of multiple
pumps indicate an error value closer to �20% at low ambient PM10
concentrations (Whyatt, pers comm).

The high level of correlation between the optically-measured
PM10 concentrations and the leaf SIRM values indicates that the
pattern of PM10 deposition over the leaf equilibration period was
similar to the deposition pattern on the days of active air sampling.

The strong correlation between ambient PM10 concentrations
and the monthly-integrating leaf SIRM values over this time period
demonstrates that leaves provide a representative surface for
collection of PM10 pollutant particles, and that magnetic
measurements of tree leaves provide a robust, quantitative proxy
for monthly-averaged ambient PM10 particulate concentrations in
this single source, industry-dominated setting.

The correlation of leaf SIRM values with ambient PM10
concentrations is notably different around this industrial site,
compared to a vehicle pollution-influenced area, Hazelrigg, UK
(Mitchell et al., 2010). The concentration of haematite was
100� greater in the particles from the vicinity of the industrial site
than those collected at the Hazelrigg roadside.

Magnetite and haematite have both previously been identified
in fly ash (e.g. Blaha et al., 2008; Koukouzas et al., 2007), with
greater concentrations of haematite than magnetite, particularly
where high sulphur fuels/bituminous coals are burned (e.g.
Koukouzas et al., 2007). The magnetic fraction of Fe present in fly
ash is <50% (McCarthy et al., 1990). In contrast, the magnetic
fraction of Fe in vehicle-derived particulate pollution is estimated
at w89% (Maher et al., 2008), predominantly in the form of
magnetite (e.g. Abdul-Razzaq and Gautam, 2001; Maher et al.,
2008; Mitchell and Maher, 2009). These magnetic contrasts
between fly ash and vehicle pollution probably reflect the different
stabilities of haematite and magnetite. Both form upon volatilisa-
tion and oxidation of Fe-bearing minerals (e.g. pyrite) but at
different oxygen concentrations (Hatt and Bull, 1990) and temper-
atures. In industrial contexts, both magnetite and haematite can
form at temperatures exceeding 850 �C, but haematite is stable to
higher temperatures (Demir et al., 2001). Vehicle internal
combustion engines operate at temperatures< 400 �C (e.g. Einecke
et al., 2000) while industrial combustion processes can occur at
temperatures exceeding 1100 �C (IEA, 2010).

The strong correlation presented here between leaf SIRM values
and ambient PM10 concentrations has been obtained in relatively
simple situations, with one industrial area in relatively simple
topography and in the absence of any transient peaks in long-range
transported inputs. Where multiple industrial (or other) activities
contribute to the ambient PM10 concentrations, the situation is
likely to be more complex, due to the differing magnetic signatures
of the pollution particles. However, these differences may them-
selves be used to identify the probable origins of particles
contributing to the total ambient burden. Where particles have
different sources which are reflected in their magnetic properties,
then detailed magnetic analysis can enable ‘fingerprinting’ and
attribution of particulate pollution to specific source types (e.g.
Sagnotti et al., 2009; Hansard et al., in preparation). Such source
attribution is an essential prerequisite for targeted pollution
mitigation.
5. Conclusions

� Measured magnetic properties (SIRMs) of tree leaves represent
a robust, quantitative, monthly-averaged proxy for particulate
pollution in the vicinity of this industrial source, enabling high-
resolution spatial mapping of emission patterns which indi-
cated the likely origins of airborne particles. The leaf-derived
PM10 concentrations are integrated over w32 days.

� Samples collected within w2 km of the industrial site were
magnetically distinct from those collected at locations> 2 km
from the site. The proximal samples might represent fugitive
emissions.

� Correlation between leaf magnetic values and ambient PM10
concentrations differs between vehicle- and industry-derived
pollution. These differences are likely to arise from differences
in particle magnetic composition. Magnetic characterisation of
the PM10 collected by the leaves indicates that haematite
concentrations are w 100� higher in the point source-derived
emissions than in the traffic-derived particulate matter.

� The observed differences in the magnetic properties of
particulate pollutants emitted from different sources indicate
the potential for magnetic source attribution.
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