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Abstract

Respiratory system is the major route of entry for airborne particulates, being the effect on the human organism
dependent on chemical composition of the particles, exposure time and individual susceptibility. Airborne particulate trace
metals are considered to represent a health hazard since they may be absorbed into human lung tissues during breathing.
Fossil fuel and wood combustion, as well as waste incineration and industrial processes, are the main anthropic sources of
metals to the atmosphere. In urban areas, vehicular emissions—and dust resuspension associated to road traffic—become
the most important manmade source.

This work investigated the atmospheric concentrations of TSP, PM, and elements such as iron, manganese, copper and
zinc, from three different sites around Salvador Region (Bahia, Brazil), namely: (i) Lapa Bus Station, strongly impacted by
heavy-duty diesel vehicles; (ii) Aratu harbor, impacted by an intense movement of goods, including metal ores and
concentrates and near industrial centers and; (iii) Bananeira Village located on Maré Island, a non-vehicle-influenced site,
with activities such as handcraft work and fishery, although placed near the port. Results have pointed out that TSP
concentrations ranged between 16.9 (Bananeira) and 354.0 pgm™~> (Aratu#l), while for PM,, they ranged between 30.9
and 393.0 pgm >, both in the Lapa Bus Station. Iron was the major element in both Lapa Station and Aratu (#1 and #2),
with average concentrations in the PM;, samples of 148.9, 79.6 and 205.0 ngm >, respectively. Zinc, on the other hand,
was predominant in samples from Bananeira, with an average concentration of 145.0ngm~> in TSP samples, since no
PM,( sample was taken from this site. The main sources of iron in the Lapa Station and Aratu harbor were, respectively,
soil resuspension by buses and discharge of solid granaries, as fertilizers and metal ores. On the other hand, zinc and
copper in the bus station were mainly from anthropic contributions, probably heavy-duty vehicle ageing and wearing
actions releasing off Zn from tires and Cu from brake linings. In the Aratu harbor, the high copper concentrations found
were probably due to the port’s activities, as discharges of copper concentrate on its terminal, although other sources could
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be possible, as burning of diesel fuel on ships and heavy oil in heaters. Finally, the Bananeira site has been presented as a
different profile, since this remote site has shown zinc as the most abundant element, demonstrating to have an unexpected
anthropic contribution. On a mass-to-mass basis, both zinc and manganese were in high levels in the Bananeira site and
their presence strongly suggest the impact of other sources, such as the Industrial Center of Aratu and/or a siderurgy plant,

not far away from that location.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Respiratory system is the major route of entry for
airborne particulates, being the effect on the human
organism dependent on chemical composition of the
particles, exposure time and individual susceptibil-
ity. Airborne particulate trace metals are considered
to represent a health hazard since they can be
absorbed into human lung tissues during breathing
(Finlayson-Pitts and Pitts, 2000; Quiterio et al.,
2004a,b). A particular fraction of the particulate
matter (PM) which is known to exert toxic effects is
metals, such as Fe, Zn, and Cu, which may release
free radicals in lung fluid via the Fenton reaction,
and are hypothesized to cause cellular inflammation
(Birmili et al., 2006). Heavy metals are present in the
atmosphere in ever increasing levels as a result of
anthropic and natural emissions (Suzuki, 2006).
Frequently, anthropic emissions cause the levels of
metal in suspended particles to be well above
natural background levels (Finlayson-Pitts and
Pitts, 2000; Quiterio et al., 2004a, b).

Fossil fuel and wood combustion as well as waste
incineration and industrial processes are the main
anthropic sources of metals to the atmosphere. In
urban areas, vehicular emissions—and dust resus-
pension associated to road traffic—become the most
important manmade source (Birmili et al., 2006;
Preciado and Li, 2006; Sternbeck et al., 2002; Lin
et al., 2005; Harrison et al., 2003). It is believed that
burning of fossil fuels is responsible for Be, Co, Hg,
Mo, Ni, Sb, Se, Sn, V, Cr, Cu, Mn and Zn contents,
of PM associated with atmospheric particles (Allen
et al., 2001; Swaine, 2000), while vehicle ageing and
wearing actions release off some heavy metals such
as Zn from tires, Cu from brake linings, Mn from
moving metal parts and gasoline additives (Preciado
and Li, 2006; Swaine, 2000) and Pt, Pd and Rh from
catalytic converters of automobiles (Lesniewska
et al., 2006). Moreover, there are also indications
that heavy-duty vehicles are strong emitters of Ba
and Sb, but not of Cu, than light-duty vehicles

(Sternbeck et al., 2002). On the other hand,
metallurgical processes produce the largest emis-
sions of As, Cd, Cu, Mn and Zn (Allen et al., 2001;
Swaine, 2000).

Natural emissions result from a variety of
processes acting on crustal minerals, including
volcanism, erosion and surface winds, as well as
from forest fires and the oceans (Allen et al., 2001;
Desbocufs et al., 2005). Even though estimations for
natural sources are difficult to be made, on a global
scale, resuspended surface dusts make a large
contribution to the total natural emission of trace
metals to the atmosphere, accounting for >50% of
Cr, Mn and V and >20% of Cu, Mo, Ni, Pb, Sb
and Zn while volcanic activity probably generates
up to 20% of atmospheric Cd, Hg, Cr, As, Cu, Ni,
Pb and Sb. Sea salt aerosols generated by spray and
wave action may contribute with around 10% of
total trace metal emissions, while elements con-
tained in biological aerosols are important in
forested regions. Cu, Pb and Zn are contained in
emissions from biomass combustion (Allen et al.,
2001 and references therein; Desboeufs et al., 2005;
Swaine, 2000).

In a previous work (de Andrade et al., 1996), we
studied the metal concentrations in Salvador, Bahia,
Brazil in two sites: a residential area and a
residential-commercial-industrial  neighborhood.
The determined metals associated to total sus-
pended particles include Al, Ca, Cr, Cd, Fe, Mg,
Mn, V, Zn and Na. The result of factor analysis
suggested that the major primary sources in
Salvador are: resuspended soil, marine aerosol,
vehicular emission, metallurgy and building con-
struction. It was noted that the contribution of
natural sources (soil and marine aerosol) accounted
for about 50% of the total deposition.

The aim of this work was to determine the
atmospheric concentrations and profiles of elements
such as iron, manganese, copper, and zinc, present
in each site, namely: (i) a bus station, strongly
impacted by heavy-duty diesel vehicles, and which
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has been already characterized for high molecular
weight mn-alkanes and polycyclic aromatic hydro-
carbons (de P. Perecira et al., 2002, 2003); (i) a
harbor, impacted by an intense movement of goods,
including metal ores and concentrates and near
industrial centers and; (iii) an island, a non vehicle-
influenced site, with activities such as handcraft
work and fishery, although placed near the port.

2. Experimental
2.1. Collecting sites

The Lapa Bus Station is placed in downtown
Salvador City (8°30'00”S and 37°30'00"W), in a
region featured by heavy commerce and service
activities, with several stores, small office buildings
and a large mall at its neighborhood. The station is
composed of three floors: the first one being located
at underground level, and the second at the ground
level, with total areas of about 13,920 m?, each one
has five platforms for arrivals and departures of
urban heavy-duty diesel buses. Besides the move-
ments of arrival and departure, the vehicles that are
waiting for departure remain with their motors on.
Finally, the third floor is occupied by small stores,
cafeterias and the administration services. The
station makes the confluence for several bus lines
coming from all other districts. Samples (n = 35) of
PM, particles (d,<10pm) were collected between
16 and 28 July 2005 on quartz filters (22.8 x 17.7 cm,
Energética, RJ, Brazil), by placing a PMq HI-VOL
sampler (Energética, RJ, Brazil and Thermo
Andersen, USA) on the ground level at the under-
ground floor of the bus station, at an average flow
rate of 1.14m’min~'. Sampling periods along
weekdays were 4-6 h during the morning/afternoon
and 8—10h during the night, while on weekends they
were 24h in order to cover—and to be able to
compare—rush-to-non-rush and weekday-to-week-
end periods.

The Port of Aratu is placed on the Caboto harbor
(12°47'00”S and 13°30'00"W), inside the Todos os
Santos Bay, Candeias county, 50 km from Salvador
(Fig. 1). Its average temperature is 26 °C and the
predominant winds are NE (3-37%), E (3-52%)
and SE (3-50%). Nowadays, the Port of Aratu is
responsible for up to 60% of the total operations in
ports of the Salvador basin, giving support to the
industrial center of Aratu (CIA) and also to the
petrochemical complex of Camagari. It has four
terminals: one for gas, one for liquid and two for

solid granaries. The solid granaries received by the
Port of Aratu include fertilizers, copper concen-
trates, manganese ores, mineral coke and phosphate
rocks. It is characterized by a very low traffic of
light- and heavy-duty vehicles, but an intense
movement of charge and discharge of solids,
to and from ships (http://www.codeba.com.br/
porto_aratu). In this site, particles were sampled
for both TSP (d,>100 um) and PM,, fractions, by
placing the HI-VOL samplers together on the ground
level and operating them simultaneously, at average
flow rates of 1.16 and 1.14m” min™", respectively, in
two different points: firstly the Aratu#l (7 samples),
near an office building and secondly the Aratu#2
(8 samples), in an open place. The samples were
collected from October/2004 to November/2004, in
sampling periods of 24 h each one.

Bananeira, Mare¢ Island, is located on the Todos os
Santos Bay, about 300m away from the Port of
Aratu, in a north—northwest direction (Fig. 1). It is
a “boat-only access” place and non vehicle-influ-
enced village composed by ~1000 inhabitants whose
activities are essentially based on handcraft work
and fishery. In this place, depending on the wind
direction, emissions may be coming from the port or
from industrial sites, as CIA and Petrochemical
Complex of Camagari. In this site, only samples of
TSP particles were collected, by placing the TSP HI-
VOL sampler on the roof of the local radio station
and operating it at an average flow rate of
1.16m>min~'. Fourteen samples were collected
between September and October 2005, in 24h
periods due to the low particle concentrations.

After each sampling, the filters were folded and
wrapped in aluminum foils and put inside sealed
plastic bags afterwards until weighing. Sample
masses were determined by weighing the filters before
and after sampling, using an analytical balance
(Sartorius Analytic, Goettingen, Germany). Accord-
ing to the standard procedure, before weighing, the
blank and sampled filters should be equilibrated for
24h at a constant relative humidity lower than
50+5% and at a constant temperature between 15
and 30°C (within+3 °C), by placing them inside a
desiccator (Method 10-3.1, 1999). After weighing,
the filters were folded and wrapped in aluminum foils
again, put inside sealed plastic bags and stored in the
lab in a refrigerator (4 °C) until analysis.

Summing up, while in the Port of Aratu both TSP
and PM,, samples were collected, in the Lapa
Station only PM;, and in the Bananeira only TSP
particles were sampled, in different sampling times
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Fig. 1. Map localizing the three sites used in this study for collecting particulate samples.

for each place. The decision to collect samples of
different particle sizes was based on two factors:
(1) if a site was or was not supposed to be heavily
impacted by important sources of particulate heavy
metals, what should reflect on high or low levels of
metal contents on samples and (ii)) the adjusted
availability of samplers to be used during sampling,
always keeping the first aspect as target due to its
importance to build a reliable sampling strategy in
order to collect representative samples of each local.

2.2. Sample preparation and analysis
A 47mm diameter section of each filter

(17.34 cm?) was cut and used for the metal analysis,
according to the procedure described below.

The filters were extracted by adding 5 mL of nitric
acid (Merck Suprapur 65%), 2mL of hydrochloric
acid (Merck Suprapur 36%) and 10 mL of ultrapure
water in a pyrex glass tube and let still for 2h at
95°C in a heating plate (Fernandez et al., 2000). The
extracted solution was filtered, using a What-
man#41 (WH1441-110) filter, completed to 50 mL
with ultrapure water and kept in pre-cleaned
polyethylene bottles in the refrigerator until analysis
(Serrano et al., 1996; Beceiro-Gonzalez et al., 1997).
A similar methodology was previously used for TSP
(Quiterio et al., 2004a, b).

Filter and reagent blanks were processed with the
same treatment. Metals were determined by ICP
OES (Perkin-Elmer, Optima 3000), according to
the Method 10-3.4 (1999). An external standard
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calibration curve was done for the following
elements: Mn, Fe, Zn, Cu, Co, Ni, Cd, Cr and Pb.
The content of the blanks for these nine
elements was <8% of the average content for
samples.

Both limit of detection (LOD) and accuracy
for the method were determined following Method
10-3.4 (1999). LOD were computed as three times
the standard deviation of the distribution of outputs
for 10 repeated measurements of the standard,
which contained no metals (Boss and Fredeen,
1999). These LOD were calculated as 1.5ngm ™ for
Mn; 0.4 ngm*3 for Cr, Cd, Ni; 0.5 ngnf3 for Cu,
Co, 5ngm~" for Fe, Ingm~? for Zn and Pb. The
accuracy of the method was evaluated using a
standard reference material (111355 ICP multi-
element Standard Solution I'V from Merck) (Merck,
2006). The obtained results were in the acceptable
range of 3-8%. All samples and SRM were
determined in triplicate and a difference lower than
1% was considered acceptable.

Table 1

2.3. Statistical tests

Experimental data were analyzed by calculating
the Spearman’s correlation coefficients using STA-
TISTICA 6.0 (Stat soft) program. Also Principal
Component Analysis (PCA) and Cluster Analysis
(CA), using Ward’s Method and Euclidian dis-
tances, were performed. The calculations were
performed using the individual experimental values
for each sample.

3. Results and discussion
3.1. TSP and PM,, particles in air and statistics

Table 1 shows a statistical summary of metal
(ngm ™), TSP and PM,, (ugm™>) concentrations
for Port of Aratu, Bananeira and Lapa Bus Station.
In spite the fact that nine different elements were
investigated (Cu, Fe, Mn, Zn, Cr, Co, Ni, Cd
and Pb), only Cu, Fe, Mn and Zn were found to be

Statistical summary of elements, TSP and PM/, concentrations in Aratu, Bananeira and Lapa Bus Station

Site Element® (ngm ™) Particulate matter (ugm™>)
Cu Fe Mn Zn TSP PM,, n
Aratu#l TSP Mean 21.0 226 19.2 4.53 182 7
SD 14.3 211 11.3 2.82 87.7
Min 7.16 48.6 5.92 1.41 106
Max 47.6 596 39.2 9.40 354
Aratu#2 TSP Mean 121 328 13.5 3.95 169 8
SD 91.9 199 4.70 1.26 46.4
Min 42.1 93.3 5.14 2.23 95.9
Max 293 650 20.0 6.35 222.6
Aratu#l PMy, Mean 8.79 79.6 8.32 1.83 64.6 7
SD 3.30 60.1 5.81 0.33 30.1
Min 5.19 18.5 2.47 1.43 442
Max 13.2 165 16.8 2.20 123
Aratu#2 PM,, Mean 79.2 205 9.52 2.80 71.7 8
SD 82.8 119 6.36 0.72 13.9
Min 17.8 75.0 2.61 1.96 49.2
Max 257 470 21.2 3.69 88.2
Bananeira TSP Mean 3.37 26.8 19.5 145 36.1 15
SD 2.54 17.6 22.3 56.9 10.1
Min 0.49 7.03 1.60 68.0 16.9
Max 8.57 75.0 81.8 243 54.5
Lapa Bus Station PM; Mean 1.87 149 9.68 5.78 112 35
SD 1.04 72.9 9.22 7.31 63.9
Min 0.59 52.0 1.81 1.49 30.9
Max 5.88 343 44.9 40.8 393

“Elements with mean concentration below their LOD were not included (Cr, Co, Ni, Cd and Pb).
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above their limits of detection, evidencing that those
studied sites have no important sources of Cr, Co,
Ni, Cd and Pb until the present. These five elements
were disconsidered in all samples collected in the
four locations (Aratu#l n =7 for TSP and PM;
Aratu#2 n = 8 for TSP and PMy; Bananeiran = 15
and Lapa Station n = 35) because individual
determinations and the arithmetic mean concentra-
tions were below the LOD. Even though keeping in
mind that particulate matter of different size
fractions were collected on each site and by
considering only arithmetic means from Table 1, it
was found that Fe was the element in the highest
concentrations in all sites, except for Bananeira,
where Zn presented the highest concentration.
Because Port of Aratu was the unique site where
both TSP and PM, samples were simultaneously
collected in two different places, the F-test was
performed in order to find whether these factors
could be affecting the determined concentrations of
the samples. It was found (Table 2) that neither the
two chosen places for collection nor TSP and PM,
fractions should be considered as “‘similar” for
following comparisons. Although they were not so
far from each other, Aratu#l was near a building,
while Aratu#2 was in an open place. This geogra-
phical peculiarity could contribute, for example, to
differences in the wind’s predominant direction and
velocity that each one would receive. Also, and
maybe more important, the samples in the two
places were collected in different periods. By
consequence throughout this paper, samples from
Aratu#l and Aratu#2 were computed separately,
not trying to compare them in any way. On the
other hand, since TSP and PM;, samples were
collected simultaneously in each of these two sites,
they could be compared when it would be necessary.
The PM,, concentrations, as function of the
sampling period in the Lapa station, are shown in
Fig. 2. The highest concentrations were generally
found in the afternoon, since the rush hours—when
there were an increase in the frequency of arrivals

Table 2
F test for analyzing PM,, and TSP fractions from Port of Aratu
(95% of confidence limit)

Analyzes F.u. F.i Conclusion

Aratu#l (TSP) vs. Aratu#2 (TSP) 3.57 3.87 Similar

Aratu#l (PM o) vs. Aratu#2 (PMo) 4.69 3.97 Non-similar
Aratu#l (TSP) vs. Aratu#l (PM;) 8.49 495 Non-similar
Aratu#2 (TSP) vs. Aratu#2 (PM;y) 11.1  3.79 Non-similar

and departures of buses—were covered during this
sampling period. Since an increase in commuting
could promote high concentrations of particulate
matter, coming from diesel burning in heavy-duty
vehicles and particles resuspension associated to the
local traffic, it seems reasonable that afternoon
period has shown higher levels of the determined
elements and PM,;,. The lowest levels, on the
contrary, were found at night due to a reduction
in the number of vehicles circulating in the station
and]or in particles resuspension. This trend has been
already observed with polycyclic aromatic hydro-
carbons (PAH) concentrations, in samples collected
in 1991 at the same place. (de P. Pereira et al., 2002).
It should be highlighted that almost all samples
(91%) presented concentrations higher than the
50pgm™ Brazilian primary standard for PM,,
while six (17%) were higher than the secondary
standard of 150 pgm > for 24 h exposure.

A F-test was performed in order to find the
statistical significance of differences in concentrations
reported in Fig. 2. Data were compared in pairs:
morning vs. afternoon (F.y. = 0.37), morning vs.
night (F.,. = 0.37) and afternoon vs. night (Fu =
0.99). In the three situations, the critic F-value was
0.26, indicating that data are non-similar.

Pearson’s correlation (Table 3) shows low-to-
moderate correlations among studied metals for
Lapa Station, while the PCA analysis (which
explains only 59% of results) shows that Fe, Cu,
Mn and Zn form only one component (Table 4). In
the Cluster Analysis (Fig. 3), a sub-group is formed
between Zn and Cu and a second, with a more
strong linkage, between Fe and Mn, and both
associating with each other. Also, the stronger
correlation among metal concentrations was found
for Mn and Fe (r = 0.78). This could be indicative
of soil resuspension associated to buses traffic
as the main sources responsible for those metal
concentrations.

TSP and PM,, average concentrations in Aratu
were higher than the maximum allowable by the
Brazilian standards for annual values. For TSP,
they were in Aratu#1 and Aratu#2, respectively, 182
and 169 pgm >, while for PM,, they were 64.6 and
71.7pugm > in the same sites. Both Lapa Station
and Port of Aratu show a not so much different
profile for the metals determined, with iron being
the most abundant one (Table 1, Figs. 2 and 4).
Average concentrations for iron in PM,, filters
were, respectively, 149, 79.6 and 205ngm~> for
Lapa, Aratu#l and Aratu#2. Despite these high
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values, they were usually lower than those found,
for example, in seven districts of the Baixada
Fluminense, in Rio de Janeiro, where pollution
sources are mainly local industries and vehicular
emissions (Quiterio et al., 2005).

The Pearson’s statistics for Aratu#l TSP and
Aratu#2 TSP shows that correlations are slightly
better only for Aratu#l, while in Aratu#2 metals
were not correlated, except for Cu and Mn
(Table 3). By Cluster Analysis it is shown a more

clear correlation between Cu and Mn, while Fe is
located in another group, giving support to the
hypothesis of Fe is coming mainly from soil
resuspension, for both sites (Fig. 3). These results
are consistent with low correlations between Fe and
Cu (0.05 and —0.48, respectively) and Fe and Mn
(=0.04 and —0.54, respectively). Aratu#l and
Aratu#f2 PM, presented higher scores for Pearson’s
correlations when compared to TSP samples. This
fact may be explained by the different contributions
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to fine and coarse particulate matter composition.
The Cluster analysis shows Zn, Mn and Cu together
in one group and Fe in the other one. Discharge of
solid granaries, as fertilizers and metal ores, in the
port’s terminal may be the main sources for Cu, Mn

Table 3
Pearson’s correlations of metals from all sites (significant values
at 95% of confidence limit are in bold)

Cu Fe Mn Zn
Lapa Station
Cu 1.0
Fe 0.35 1.0
Mn 0.45 0.78 1.0
Zn 0.18 0.52 0.37 1.0
Aratu#l TSP
Cu 1.0
Fe 0.05 1.0
Mn 0.19 —0.04 1.0
Zn 0.57 0.57 0.32 1.0
Aratu#tl PM]()
Cu 1.0
Fe 0.15 1.0
Mn 0.48 0.41 1.0
Zn 0.98 —0.19 0.57 1.0
Bananeira
Cu 1.0
Fe 0.33 1.0
Mn 0.07 0.75 1.0
Zn —-0.33 0.30 0.46 1.0
Aratu#t2 TSP
Cu 1.0
Fe —0.48 1.0
Mn 0.52 —0.54 1.0
Zn —0.71 —0.07 —0.05 1.0
Aratu#2 PM,,
Cu 1.0
Fe -0.25 1.0
Mn 0.82 0.16 1.0
Zn 0.21 0.51 0.41 1.0
Table 4

Principal Component Analysis (at 95% of confidence limit)
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and Zn while, as previously stated, Fe may be due to
soil resuspension.

The receptor site of Bananeira, on the other hand,
has presented a different profile when compared to
the other sites. Primarily, the mean TSP concentra-
tion (36.1 ugm™>) was, as expected due to char-
acteristics of the site, not only much lower than the
other two places studied, but also lower than values
reported for two urban districts in Salvador and
localities in Rio de Janeiro and other cities (de
Andrade et al., 1996). The stronger correlation
among metals was found for Mn and Fe (r = 0.75)
indicating that soil resuspension may be the main
source of these metals.

In terms of the elements determined (Fig. 5), zinc
was the most abundant, presenting average con-
centration of 145ngm™ and ranging from 68 to
243 ng m >, measured in TSP samples. Iron, instead,
was comparatively low (26.8 ngm > average), while
copper was lower than in Aratu but higher than in
the Lapa Station.

Zinc, to our present knowledge, has no significant
source contributions coming from the Port of
Aratu. Thus, its high concentrations strongly
suggest the hypothesis that there are other probable
sources impacting the Bananeira site, besides Aratu,
and these could be the Industrial Center of Aratu
and/or the siderurgy plant, not too distant from the
location.

3.2. Enrichment factors

Trace metals in aerosols are derived from a
variety of sources which include the Earth’s crust,
the oceans, volcanic activity, the biosphere, and a
number of anthropogenic processes (e.g., fossil fuel
burning, waste incineration, the processing of ores,
etc.). The degree to which a trace metal in an aerosol
is enriched, or depleted, relative to a specific source
can be assessed to a first approximation using an
enrichment factor (EF). It has been the practice to

Lapa Bananeira Aratu#l TSP Aratu#2 TSP Aratu#l PM;, Aratu#2 PM;,

PCl1 PCl1 PC2 PCl1 PC2 PCl1 PC2 PCl1 PC2 PCl1 PC2
Cu —0.57 —0.01 -0.92 0.67 —0.12 -0.93 —0.28 0.93 0.06 0.92 —0.32
Fe —0.89 0.85 —0.37 0.63 0.59 0.68 —0.57 —0.20 -0.93 —0.10 0.93
Mn —0.87 0.92 —0.06 0.34 —0.82 —0.74 0.44 0.68 —0.41 0.96 —0.001
Zn —0.69 0.67 0.55 0.96 —0.01 0.55 0.82 0.99 0.03 0.52 0.75
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Fig. 3. Cluster analyses at 95% of confidence limit: (a) Lapa’s Station; (b) Bananeira; (c) Aratu#l TSP; (d) Aratu#2 TSP; (e) Aratu#l

PMo; (f) Aratu#2 PM;.

categorise trace metals in the aerosol on the basis of
their crustal EFs, calculated according to Al or Fe
contents as follows:

EFrust = (Cxp/CFep)/(Cxc/CFec)a (1)

where (Cyp) and (Crep) are the concentrations of a
trace metal X and Fe (or Al) (which are used as
crustal reference element), respectively, in the
aerosol, and (Cy.) and (Cg..) are their concentra-

tions in average crustal material. By convention, an
arbitrary average EF value of <10 is taken as an
indication that a crust trace metal in an aerosol has
a significant crustal source, and these are termed the
non-enriched elements (NEEs). In contrast, an EF
value of > 10 crust is considered to indicate that a
significant proportion of an element has a non-
crustal source, and these are referred to the
anomalously enriched elements (AEEs); however,
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when sufficient crustal material is present in the air
the AEEs can switch character and behave as NEEs.
This is an essentially crude classification, but is
useful in interpreting aerosol chemistry (Caroli
et al., 1996; Ure and Davidson, 1995; Wedepohl,
1995; Chester et al., 1999; Odabasi et al., 2002;
Herut et al., 2001; Sardans and Pefiuelas, 2006).

EFs in this study (Table 5) were calculated based
on Fe natural content, since due to previously
assumed storage protocols for determination of
the organic species, in the same filters, aluminum
foils were used to wrap the filters before and after
sampling and thus that element could not be
analyzed.

When EFs based in the iron concentration were
calculated for the Lapa samples, high values were
found for zinc and copper, 28 and 19, respectively,
and low for manganese (4). This low EF for
manganese, together with its high Pearson’s correla-
tion with iron (0.78) suggests that soil resuspension
is the unique or the main source of that element.
The high EF values for zinc and copper, on the
other hand, could denote them as AEEs although
Pearson’s correlation between Zn and Fe (0.52) and
Cu and Fe (0.35) support the hypothesis that soil
resuspension by buses circulation is also an im-
portant source for both elements in the Lapa site. In
spite of this fact, previous works (Pacyna 1986;
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Table 5

Enrichment Factors based on arithmetic means and relative to Fe for all sites (Enrichment Factors based on arithmetic means and relative
to Fe for all sites (values in bold indicate anthropogenic contributions as the main source)

Lapa Bananeira Aratu#l TSP Aratu#l PM;, Aratu#2 TSP Aratu#2 PM;,
Cu 19 192 142 168 564 589
Fe 1.0 1.0 1.0 1.0 1.0 1.0
Mn 4.0 45 5.2 6.4 2.5 2.9
Zn 28 3909 15 17 8.7 9.9
Lopez et al., 2005) have reported copper as a besides soil resuspension. Thus, soil resuspension

component in emissions from both gasoline and
diesel fueled vehicles and in wearing of brakes, and
zinc as a component of tire rubber debris. Further-
more, the low correlation between these two
elements (0.18) suggests yet other sources for them.

Besides the larger amounts of iron than Aratu#l,
Aratu#2 had also an increase in the copper
concentration and in the EF of this element (Tables
1 and 5 and Fig. 4). Looking to the EFs for copper
they were, respectively, 142 and 564 for TSP and
168 and 589 for PM,, showing the relative increase
of the copper concentration and EF in Aratu#2 and
denoting this element as an AEE. Firstly, these high
concentrations and EFs of copper may probably be
due to the port’s activities, since discharges of
copper concentrate are frequent at its terminal.
Also, other possible sources would be the burning,
in ships, of diesel fuel and heavy oil in heaters. The
low correlations shown between this element and
iron (r=0.05 and —0.48 for TSP and 0.15 and
—0.25 for PM( for Aratu#l and #2, respectively)
reinforces the hypothesis of other sources for it,

does not seem to be the predominant source for
these two locations. Actually, copper content in PM
mostly reflects both port’s activities and burning of
diesel and heavy oil on the terminal as main sources.

The EF for zinc in Bananeira was very high
(3909), showing strong anthropic contributions, and
this was followed by copper (192) and manganese
(45). Because of its unexpected high EF and that
there are no significant sources of this element
neither on Aratu Harbor nor on Bananeira, other
very significant emission sources of zinc seem to be
acting on this scenery. They probably would be the
Industrial Center of Aratu (CIA) and/or the Sibra/
RDM siderurgy plant, not too distant from the
island.

It should be highlighted that while copper had
also a high EF (192), its correlation with zinc was
poor (—0.33), what suggests different sources for
both elements. Manganese, despite its moderately
high EF (45), had a good correlation with iron
(0.75) and its main source could be the soil
resuspension.
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3.3. Estimate of dry deposition fluxes

The dry atmospheric deposition fluxes (Fy) were
calculated by multiplying the geometric mean
particulate concentration in air of the element of
interest (i) by the elemental dry settling velocity

(Va):
Fq=C;x Vy. (2

The term V4 varies with particle size and is
dependent on climatological and physical condi-
tions in the troposphere, especially in coastal
environments (Herut et al., 2001). The values used
here follow the mean values used by Duce et al.
(1991). For Zn and Cu a mean value of 0.1cms™'
was applied, and for Fe and Mn a mean value of
2cms~! was adopted. These values fall close to the
V4 range given in other studies (Rojas et al., 1993;
Migon et al., 1997; Herut et al., 2001 and references
therein). It should be emphasized, however, that the

Table 6
Estimates of trace element dry deposition fluxes (Fy)

Cu Fe Mn Zn

Dry settling velocity® (V) (cms™") 0.1 20 20 0.1
Lapa
Geometric Mean (ngm™>) 1.6 1335 7.1 42
Dry deposition Flux (Fy) 0.4 674 36 1
(mgm~2yr~")
Bananeira
Geometric Mean (ngm™>) 25 22 11 134
Dry deposition Flux (Fg) 2 338 159 101
(mgm~2yr~")
Aratu#l TSP
Geometric Mean (ngm ™) 18 160 16 4
Dry deposition Flux (Fy) 13 2416 243 3
(mgm2yr~")
Aratu#l PM,,
Geometric Mean (ngm™>) 8 61 7
Dry deposition Flux (Fg) 6 925 102 1

(mgm~2yr~")

Aratu#2 TSP

Geometric Mean (ngm™>) 9% 269 13 4
Dry deposition Flux (Fy) 73 4072 190 3
(mgm~2yr~")
Aratu#2 PM,,
Geometric Mean (ngm™>) 52 181 8 3
Dry deposition Flux (Fy) 40 2742 117 2
(mgm~2yr™)

#According to Herut et al. (2001).

flux calculations might vary by approximately an
order of magnitude due to the uncertainties in Vy.

Table 6 shows dry deposition fluxes for Cu, Fe,
Mn and Zn content of particulate matter from Lapa
Bus Station, Port of Aratu and Bananeira. Fe is the
element which demonstrated higher dry deposition
flux, followed by Mn, Cu and Zn.

4. Conclusions

In this work, the atmospheric concentrations and
profiles for iron, manganese, copper and zinc were
determined in three different sites, namely: (i) a bus
station, strongly impacted by heavy-duty diesel
vehicles, (i) a harbor, impacted by an intense
movement of goods, including metal ores and
concentrates and near industrial centers and; (iii)
an island, a non-vehicle-influenced site, with activ-
ities such as handcraft work and fishery. Metals
were determined by ICP OES with external stan-
dard calibration curves. The average concentrations
for PM;o and TSP, in the bus station and in the
Aratu harbor, were higher than the values allowable
by the Brazilian standards, while for the Bananeira
site it was lower, as expected due to the local
characteristics.

The main sources for iron in the Lapa Station and
Aratu harbor were, respectively, the soil resuspen-
sion by buses and discharge of solid granaries, as
fertilizers and metal ores.

Zinc and copper in the Lapa station were mainly
from anthropic contributions as, for example,
components in emissions from both gasoline and
diesel fueled vehicles, wearing of brakes and tire
rubber debris. Nevertheless, the soil resuspension
provoked by buses movement has also contributed.

In the Aratu site, copper predominant sources
were either the port’s activities such as discharges of
copper concentrates on its terminal or burning of
diesel fuel and heavy oil in heaters in ships although
other minor sources may be acting as well.

The Bananeira site has presented a different
profile, with zinc as the most abundant element,
with concentrations ranging from 68 to 243 ngm >,
measured in TSP samples. The EF for zinc was very
high (3909), showing strong anthropic contribu-
tions, followed by copper (192) and manganese (45).
Zinc, to our present knowledge, has no significant
source contributions coming from the Port of
Aratu, and its high concentrations strongly suggest
the hypothesis of other probable sources, as the



P.A. de P. Pereira et al. | Atmospheric Environment 41 (2007) 7837-7850 7849

Industrial Center of Aratu and/or the siderurgy
plant, not too distant from the location.

Copper had also a high EF (192), but its
correlation with zinc was poor (—0.33), what
suggests different sources for both elements. Man-
ganese, despite its moderately high EF (45), had a
good correlation with iron (0.75) and its main
source could be the soil resuspension.

Finally, in the Aratu samples, iron, manganese
and copper were present predominantly in the PM;
fraction of the particulate matter, instead of TSP,
what might be contributing to health risks to the
local workers.
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