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Heavy metals in various size modes of the atmospheric aerosol are a concern for human health.
Their and other elements’ concentrations are indicative for anthropogenic and natural aerosol
sources. Si, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Hg, and Pb were
determined as a complementary contribution to a study on aerosol cycling during the wet
season, June 2004, in a humid, subtropical climate, i.e. in the city of Salina Cruz, situated on the
Pacific coast of the Isthmus of Tehuantepec (16.2�N, 95.2�W), Mexico. For mass (gravimetry)
and elemental analyses, particles were collected by a Berner low-pressure round nozzle cascade
impactor using four stages corresponding to 0.1–0.25, 0.25–1.0, 1.0–4.0, and 4–16 mm of
aerodynamic particle size. The impaction plates were modified such that approx. 1/6 consisted
of a plastic support (Persplex�) for total reflection X-ray fluorescence spectrometry (TXRF).
The elements’ total content was determined by TXRF without any further sample pretreatment.
Limits of quantification (LOQ) for elemental content in individual impactor stages
corresponded to 25–60 ngm�3 for Si; 0.8–4 ngm�3 for Cl, K, Ca, Ti, and V; 3–20 pgm�3 for
Cr, Mn, Fe, Cu, Ni, and Zn; and 7–50 pgm�3 for As, Se, Br, Rb, Sr, Hg, and Pb. In some
samples, however, high blank values for the supports gave an LOQ¼ 6–19 ngm�3 for Cl;
3–7 ngm�3 for Ca; 3–7 ngm�3 for Fe, Ni, Cu, and Zn; and 60–70 ngm�3 for Pb. The influence
of local natural, industrial, and vehicle traffic sources for heavy-metal mobilization was
obvious. Heavy-metal abundances did not coincide with regionally distributed pollutants.
V and Ni were found at particularly elevated levels advected with the sea breeze, which points
to ships as sources. Br and Pb were found at particularly low levels. The concentrations of
Br, Rb, Sr, and Pb were found below LOQ at least in some, As, Co, Se, and Hg in all of the
samples. The elements’ characteristic differences in mass size distributions were obvious despite
the coarse size resolution. During the cycling of air masses from land to sea and back again,
enrichment of super-micrometre particles in the near ground aerosol was observed under dry
weather conditions. Rain preferentially removed the large particles with which heavy metals
have been associated.
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1. Introduction

Fine particulate matter influences cloud droplet formation, radiation (and, hence,
climate), provides a medium for chemical transformations, and is hazardous to
human health. Key parameters for all these implications are particle size and
chemical composition. Although airborne concentrations are generally well below
levels known to cause adverse health effects from inhalation exposure, the health
impact from long-term exposure to elevated levels of fine particles seems to be
severe (e.g. [1, 2]). The exact damaging agents of particles have not been identified,
nor their pathophysiological mechanisms leading to disease are fully understood,
but some heavy metals are a concern for human health in urban areas of Mexico
and elsewhere (e.g. [3, 4]). Furthermore, the elemental content of the various modes
of the aerosol size distribution is of interest, because it is indicative for aerosol
sources and provides unique complementary information for source attribution
(e.g. [5, 6]).

The mass mixing ratios of elements in atmospheric particulate matter (typically 10�6

to 10�3), aerosol abundances (typically less than 0.1mgm�3) together with the
characteristics of sampling techniques and requirements with regard to time resolution
(12 h and less) and particle-size resolution translate into a high demand for sensitivity of
the analysis method. Total reflection X-ray fluorescence analysis (TXRF; e.g. [7, 8]) has
been successfully applied for the analysis of total element contents of atmospheric
particulate matter. Other multielemental methods require large (mg) amounts of
particulate matter for analysis, and a separation step of the sample from the collection
substrate, which is time-consuming and subject to risks of contamination and loss of
analyte [9]. This applies to ICP-OES, ICP-MS, and AAS. Or, like photon-induced
X-ray emission (PIXE), offer microanalysis (requiring less than a few micrograms) and
analysis of the particles directly on the collection substrate, but require an accelerator
facility for sample excitation. Due to its high sensitivity, TXRF is suitable for size-
segregated aerosol analysis when spatially focused and homogeneous samples are
collected [10, 11].

The aim of the measurements reported here was to test a sampling method for
TXRF analysis and determine elements which are indicative for natural
and anthropogenic sources and their major size modes of atmospheric particulate
matter in an urban area in Mexico. To our knowledge, very few or no
measurements of heavy metals in urban air in Mexico exist outside the capital
metropolitan area. The measurements were part of a field study with the goal to
study processes of aerosol dynamics and chemical composition in a polluted coastal
environment of the subtropics in the wet season. Many coastal areas are densely
populated and often heavily polluted. In tropical and sub-tropical climates,
air pollutant removal mechanisms differ considerably from temperate climates.
The other aspects of this study, not directly related to elemental composition, are
published elsewhere [12, 13].
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2. Experimental

2.1 Sampling site

The study was performed on 5–18 June 2004 in the city of Salina Cruz, situated on the
Pacific coast of the Isthmus of Tehuantepec. The city, with approx. 200,000 inhabitants,
has one of the country’s largest oil refineries. The measurements took place close to the
city centre on the premises of the Oceanographic Station of the Secretaria de Marina
(16� 100 4000 N, 95� 110 4400 W) in a backyard, 15m a.s.l., close to road traffic sources,
south of the majority of vehicular traffic in the heavily populated areas, 1.5 km north of
the coast (harbour) and 3 km south to south-west of a refinery, one of the largest
facilities of its type in Mexico. Seen from the sampling site, the extension of the refinery
covers the wind sector from 10� to 45�. No other significant industrial emission sources
exist in the town or in its surroundings. A chain of small hills, with summits less than
100m above surrounding terrain separate the city from the refinery [12].

2.2 Sampling and analytical methods

A coarse size resolution, with four size ranges, was chosen as it is sufficient to determine
the distribution of elements over the major size modes, sub-micrometre (so-called
accumulation mode) and super-micrometre (dominated by the coarse mode in the range
2.5–10 mm). We used a modified round-nozzle Berner low-pressure cascade impactor.
This was used to sample 24� 2Lmin�1 from a flow conveyed by a 3-m-high chimney
ventilated at a rate of 90Lmin�1. The impactor flow was controlled several times per
sampling interval, at least when sampling was started and stopped, using a calibrated
flowmeter (Gilibrator, Gilian). The impactor was equipped with five stages correspond-
ing to lower cutoffs of 16, 4.0, 1.0, 0.25, and 0.13 mm. Pump failure caused flow reduction
and, correspondingly, a change in effective cutoffs during the periods 9.6, 10–18 h, and
from 10.6. 10 h until 11.6. 18 h. These data are neglected in the following.

The lower four stages (1–4, 1 corresponding to smaller particle sizes) were analysed.
The ring-formed steel impaction plates (with outer and inner diameters of 70 and
30mm, respectively) were modified such that a small part, corresponding to a 70� sector
of the ring, consisted of a plastic support (Persplex�) for total-reflection X-ray
fluorescence analysis (TXRF). These are as thick as the rest of the ring, 3mm, or
thinner, 2mm, but anyway placed in such a way that the level of the impaction side of
the plate remained unchanged. Thus, 80% of the particulate matter samples were
available for other analyses. The supports are removable. All plastic supports had been
analysed prior to exposure by TXRF in their central area, i.e. the area accessible for the
detector, approx. 3� 5mm2. By covering the plastic supports with a tape (of which a
central area of 8mm by diameter had been punched out), only a small fraction of the
area was exposed. The number of impaction spots in the exposed area varied with the
number and density of nozzles across stages and was 1, 2, 1, and 5 for stages 4–1
(decreasing cutoffs), respectively. The total content of the elements Si, Cl, K, Ca, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Hg, and Pb was determined by TXRF
using the K lines for all elements except Pb and Hg where the L lines were used, without
any further sample pretreatment. Sc was added as an internal standard. Some light
elements, Na, Mg, Al, P, and S, were detected but not quantified.

The limits of detection (LOD) of the element content in individual impactor
stages were 15–40 pg (corresponding to 3–20 pgm�3) for Cr, Mn, Fe, Cu, Ni, and Zn;
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0.1–10 ng (0.02–5 ngm�3) for Si, Cl, K, Ca, Ti, and V; and 40–100 pg (7–50 pgm�3) for

As, Se, Br, Rb, Sr, Hg, and Pb. These were determined, considering the

background generated count rate [14]. Based on the instrument’s error analysis

and replicate spectra, a precision of >75% is estimated for Ti, As, Se, Br, Sr,

Hg, and Pb; >90% for Si, Cl, V, Cr, Mn, Fe, Co, and Rb; and >95% for K, Ca, Ni,

Cu, and Zn.
Blank values based on analyses prior to exposure revealed a large variation. The

reason for this remained unclear. According to purity, the plastic supports had been

grouped into three classes, and the cleanest supports (class 1) had been

preferentially used for impactor stages 2 and 3 (corresponding to the 0.25–4.0 mm
size range). Class 3 was rejected and discarded. The atmospheric concentrations of

the elements were determined whenever the blank signal read zero or if the TXRF

signal of the element in the sample exceeded double the blank signal (determined

prior to exposure) by more than 2 standard deviations of the sample signal.

Otherwise, the sample was discarded as undetermined. In this case, no upper limit

for element mass was derived. Many class 2 samples ended up ‘undetermined’.

Sample contamination by the impactor material did not occur to any measurable

extent. It had been observed when sampling with a similar impactor [11].

We suspect that abrasion from the impactor walls declines considerably during

impactor lifetime.
The limits of quantification, LOQ, were defined as:

LOQ ¼ 3� LOD for �þ 3� � 3� LOD

LOQ ¼ � for �þ 3� > 3� LOD,

with � and � being the mean and standard deviation of six field blanks that each of

class 1 and class 2 supports. �þ 3� of the field blanks corresponded to 0.01–0.03 ng for

Fe and Cu and <0.01 ng for the heavier elements when class 1 supports were used

(per individual impactor stage). These values are not far from 1�LOD.

Contamination was significantly higher, however, for class 2 supports for some

elements, namely 0.07 ng (corresponding to 0.01–0.03 ngm�3) for Pb; 3–7 ng

(0.6–3.4 ngm�3) for Ca, Fe, Ni, Cu, and Zn; and 30 ng (6–14 ngm�3) for Cl

(per individual impactor stage). Large ranges for the LOQ, partly more than one

order of magnitude, result for these elements. The ranges for LOQ values determined

for complete samples (i.e. all four impactor stages, both classes of supports included)

are listed in table 1.
The remaining part of the impaction plates, containing 80% of the sample, was

covered by pre-weighed Al foils and used for gravimetry (microbalance): particulate

mass concentrations were determined by pre- and post-weighing of Al foils (0.15mm)

equilibrated to a constant humidity (3 days, 54� 2%) with a microbalance. Field blank

values did not deviate from 0. Values below the LOQ (32 ng¼ 2 standard deviations of

the blank values, corresponding to 2–8 mgm�3) were substituted by 0 for derivation of

mean values.
Sampling losses due to bounce-off had been observed with this type of impactor.

These are, however, determined by sampling substrate (i.e. material of the foil) and air

humidity, and can be neglected under humid conditions (e.g. [15]; relative humidity

76� 10% and never <52% during this study).
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3. Results and discussion

3.1 Meteorological conditions

During the measurement campaign, the region was continuously under the easterly flow
characteristic for these latitudes. As a consequence, at the site, winds from the north-
east across the Isthmus of Tehuantepec prevailed from around sunset to the morning
hours (between 9:00 and 12:00), while the sea breeze from the south to south-east
prevailed the rest of the day. In agreement with the seasonality of the winds in the
region [16], northerly and southerly winds were almost similarly frequent (46 and 54%
of the time, respectively) during the measurement period and the wind velocity at an
annual low, 1.5m s�1 on average. Day-time (10–18 h) and night-time (18–10 h) samples
are collected separately. Heavy rain occurred on 4–5, 8–9, and 12 June. This was caused
by easterly waves which reached Salina Cruz and stopped the sea breeze rhythm.

Additional information on meteorological parameters and advection to the site is
given in the companion articles [12, 13].

3.2 Mass concentrations and influences of possible sources

The mean concentration values of the particulate phase elemental concentrations,
i.e. the sum of the four stages for the entire project, 5–18 June, and of data subsets

Table 1. Summary of the particulate matter mass (PM16), m, and elemental concentrations during
the entire project (n¼ 18), day/night ratio (n¼ 8 and 10, respectively) and north to north-east/east to

north-west wind sector ratio (n¼ 4 and 9, respectively).a

n LOQ �� � Min–Max �day/�night �rain/�no rain
b �northerly/�southerly

c

m 18 2.0–8.0 16.0� 14.2 7.1–53.3 1.7 0.6 1.3
Si 15 25–60 835� 591 78–2104 1.4 0.2 1.1
Cl 11 17–56 110� 64 25–210 1.1 1.0 0.5
K 17 3.7–8.8 131� 72 44–293 1.5 0.4 0.9
Ca 16 2.5–6.9 194� 114 64–440 1.5 0.4 0.6
Ti 15 1.9–4.8 21� 13 5.1–46 2.0 0.3 0.9
V 13 0.8–2.0 26� 42 1.4–152 8.6 0.2 0.2
Cr 3 0.05–0.12 0.9� 1.1 0.2–2.1 nd nd nd
Mn 16 0.10–0.23 4.9� 3.4 1.4–10.5 4.7 0.3 0.7
Fe 18 0.07–14 231� 132 69–511 1.5 0.5 0.9
Co 6 0.07–0.2 <0.2
Ni 7 0.10–8.1 9.8� 15.3 1.4–44 11 0.1 nd
Cu 7 0.05–13 14.2� 14.3 1.1–39 1.9 3.7 0.9
Zn 13 0.05–6.5 24� 22 3.3–85 1.8 0.8 nd
As 3 0.15–0.35 <0.35
Se 4 0.2–0.4 <0.4
Br 4 0.25–0.6 1.25� 0.57 <0.6–1.2 nd 1.2 nd
Rb 9 0.25–0.6 1.10� 0.92 <0.6–1.7 35 0.4 1.0
Sr 6 0.25–0.6 1.51� 0.57 <0.6–2.2 17 0.8 2.1
Hg 8 0.25–0.6 <0.6
Pb 5 0.10–0.13 0.77� 0.34 <0.13–1.03 nd 2.0 nd
aLOQ¼ limit of quantification for four impactor stages (ngm�3 except m: mgm�3). Data are given in the form arithmetic
mean� standard deviation (�� �), minimum and maximum (min–max) in ngm�3 (except m: mgm�3).
bRatio of means of samples from periods with rain and without rain. n� 2 for each data subset.
cRatio of means of samples from periods with advection dominated by the north to north-east wind sector (>60% of the
time, n¼ 9) and dominated by southerly directions (i.e. >80%). n� 2 for each data subset.
nd: not determined.
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stratifying according to day versus night, no rain versus rain, and northerly versus
southerly advection, are listed in table 1. For many elements, the number of samples
determined is much smaller than the total number of samples (18), because the
concentration could not be determined in one or more of the impactor stages. Listed are
the results from complete sets of determinations across the four impactor stages as well
as sets consisting of determinations from three stages, when either impactor stage 1 or 4
(those with the lowest concentrations), but not both, could not be determined. The
concentrations of Br, Rb, Sr, and Pb were found below LOQ in at least some, and As,
Co, Se, and Hg in all of the samples.

No particular temporal trend was observed during the two weeks, similar to most
other pollutants. As a consequence of proximity to sources and local meteorological
conditions, the atmospheric concentrations of individual anthropogenically mobilized
elements in air may vary by 1–2 orders of magnitude between urban sites.
The concentration levels found for most heavy metals in Salina Cruz were in the
range of recent observations at Mexican [5, 17] and other Latin American (e.g. [18]) and
European (e.g. [6, 8, 19–21]) urban sites, but below the levels found nowadays at urban
sites in China (e.g. [22, 23]). The concentrations in the Salina Cruz aerosol were very
close to background for K, Ca, Ti, Mn, Fe, and Sr (crustal enrichment factors,
EFcrustal¼ 1.2–1.5), but clearly above background for Ni, Cu, Zn, As, Br, and Pb
(EFcrustal¼ 17–140), as well as S and Se (EFcrustal¼ 1000–3000). Hereby, the
concentration ratios to a reference element, Si, in the aerosol are compared with the
same ratios in the crust, EFcrustal¼ (ci/cSi)aerosol/(ci/cSi)crustal (following [24]; crustal
composition was based as referenced in [25]). Pb (<1.03 ngm�3, EFcrustal¼ 17) was
found to be particularly low, while V (on average 26 and reaching up to 152 ngm�3,
while at urban sites usually <20 ngm�3 is found; EFcrustal¼ 43) and Ni (by average 9.8
and reaching up to 44 ngm�3, while commonly <10 ngm�3 is found; EFcrustal¼ 29)
levels were found particularly elevated [21, 25]. Also, Br (<1.2 ngm�3; EFcrustal¼ 140)
was particularly low compared with other urban sites. Besides, the EFcrustal

anthropogenic mobilization is also indicated by the Br : Cl ratio (0.65% by average),
which exceeded the sea-salt Br : Cl ratio (0.34%). The Pb and non-sea-salt Br levels
suggest that fuel additives, though insignificantly, still add to Pb and Br in air and the
Pb levels at the site (Br : Pb¼ 0.4–0.5 in vehicular traffic emissions; cf [26, 27]) in
agreement with a recent study in Mexico City [28]. The mobilization of As is usually
mostly due to coal burning, which is probably not significant in the study area.

V has been identified to be on the rise in air in Mexico [29]. As the number of samples
is very low for some of the elements, we refrain from any further conclusions.

Si, K, Ca, Ti, Mn, Fe, Rb, and Sr were highly and significantly correlated (on �0.5%
levels; r>0.7). The occurrence of these elements was obviously (cf low EFcrustal factors)
dominated by wind erosion of soils and resuspension of dust. Wind velocity was weakly
correlated (r¼ 0.4–0.6, i.e. significant on the 10% and 1% levels, respectively) with the
levels of these elements. Besides wind, road traffic and construction activities in the city
will have contributed to this source. Also, V and Ni (significantly correlated on �5%
levels; r>0.99) and Br and Pb co-occurred (not significant). These elements, are known
as tracers for oil combustion (V, Ni; e.g. [30, 31]) or vehicle traffic (Br, Pb; e.g. [27, 31]),
respectively. Unlike most other elements, V was on average significantly more
concentrated in air advected from the south (sea, harbour) than from the north (land
and refinery; table 1). It was found to be correlated with sea salt (using Naþ as a tracer
[13]). Only in one case was an elevated V concentration observed when advection was
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from the north to north-east (night-time sample 4–5 June, V determined) but this was
found in two cases when advection from the south to south-west prevailed (daytime
samples of 7 and 12 June) or under changing wind directions (daytime sample of 15
June). No such analysis was possible for Ni, Br, and Pb because of too few samples with
positive determination of these elements. They were, however, anti-correlated with
seasalt. The recirculation of polluted air masses originating from land is the reason for
advection of polluted air from the sea. In fact, the sea breeze never brought clean air. In
the case of V, elevated levels during advection from the south point to ships burning oil,
offshore or in the harbour. Furthermore, oil tanks were located to the south and south-
west in the harbour and 0.5–1 km to the west of the harbour. In conclusion, it is most
likely that ships’ emissions contributed to elevated V levels. These elements are well-
known tracers for oil combustion (e.g. [32]). Elevated levels were observed in other
harbour cities, Hong Kong and Athens, too, in the absence of major oil combustion
plants [33, 34].

The dominant sources of Zn (EFcrustal¼ 130) and Cu (EFcrustal¼ 74) in air in Salina
Cruz are not obvious. Their abundances in air are usually determined by more than one
significant source type, various industries and road transport (e.g. [30, 35]). Such
industries as smelting probably do not exist in the Isthmus region. Interestingly, we find
that Cu and As are the only elements correlated with black carbon (BC; significant at
the 5% level). BC was determined by local combustion sources, such as vehicles and the
refinery. Ships might have contributed, too [12, 13]. Possibly, Cu was associated with
combustion particles more than other heavy metals.

Daytime concentrations of particulate mass and of all elements exceeded night-time
concentrations. The time-weighted mean exceedance was typically 10–100%, but much
higher for some elements, i.e. V, Mn, Ni, Rb, Sr, and Hg (table 1). However, very high
values result from a small database with some of the values below LOQ. Higher daytime
concentrations point to stronger emissions during the day than during the night,
eventually overcompensating for lower mixing during the night. The observations of
daytime elevated V and Ni might indicate preferential daytime burning of oil in Salina
Cruz. The same observations have been reported from an urban site in Germany [8]. On
the other hand, the contrast between daytime and night-time is not independent of the
direction of advection as this was mostly from the south (sea) during the daytime and
mostly from the north (land) during the night-time as pointed out above. Most elements
were higher concentrated in air from the sea. The same observation was reported formost
inorganic ions and carbon fractions. Particulate matter mass (table 1), nitrate, and one
organic carbon fraction [13], however, were higher concentrated in air from the north.
Mass was 33% higher on average. Nitrate and organic carbon are dominated by
secondary formation and, hence, regional transport. In this lack of coincidence with
regionally distributed pollutants, we see an additional indication that the heavy metals
were determined by local, rather than regional, sources. The primary emissions of the
refinery were not reflected as higher levels from the north, because at least part of the
time, the chain of small hills in the NE shielded the site from direct advection of the plume
of the refinery. Then, the centre of the plume was elevated.

3.3 Mass size distributions and effect of washout

The concentrations for 13 elements, Si, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn, Br,
and Pb, in the size ranges 0.25–1.0 and 1–4 mm (stages 2 and 3 of the impactor) are listed
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in table 2, while the complete mass size distributions of seven of these, Si, K, Ca, Ti,
Mn, Fe, and Zn, are shown in figure 1 and for subsets of samples (corresponding to
nights/prevailing northerly advection, days/prevailing southerly advection, no rain and
rain, respectively) in tables 3 and 4.

On average, 3.5, 5.7, 8.7, and 1.7 mgm�3 of particulate matter mass was determined in
size ranges corresponding to stages 4–1 (decreasing cutoffs) of the impactor, which
means that 73% of the mass was associated with particles with an aerodynamic
diameter of 0.25–4 mm. The mass size distributions of Si, Cl, K, Ca, Ti, V, Cr, Mn, Fe,
Ni, Rb, and Sr exhibited their maximum in the size range 1–4 mm. The maximum of the
mass size distribution of one element, Pb, is found in the sub-micrometre range
corresponding to 0.25–1 mm (tables 2 and 3). Roughly equal masses in the 0.25–1 mm
and 1–4 mm ranges are found for V and Br. Bimodality due to maxima in the second and
fourth stages (corresponding to 0.25–1 and 4–16 mm, respectively) is found for Cu and
Zn (tables 3 and 4). Note that the number of modes found in the mass size distribution
cannot provide more than a lower limit for the true number due to the very coarse size
resolution. For both elements, the mass size distribution found is in agreement with
observations at European urban sites [35, 36].

Washout, dry removal, and aging are processes which change the mass size
distributions: the mass median diameters (MMD; tables 3 and 4) are smaller in night-
time samples than in daytime samples by 0.8–1.4mm.MMDs are smaller in samples with
rain than in samples of dry intervals by 1.0–1.7 mm (tables 3 and 4, respectively). The
latter is obviously a consequence of a higher washout efficiency of the large particles [37].
Among the seven elements with a complete mass size distribution, this effect was most
pronounced for Mn and Zn (cf figure 1a and b). Large particles and water-soluble
particles are removed preferentially, while small particles and hydrophobic matter (e.g.
BC) will be largely preserved. This is reflected as a significant reduction in the mass
mixing ratio in the particulate phase of those elements which are of crustal origin
(including dust resuspension), Si, K, Ti, Mn, and Fe, by 16–31% (table 4). No significant
respective changes are found for Ca and Zn. This complements the finding that Mg ions
were enriched in rainwater, while Ca ions were not [13]. This, in turn, underscores that
Ca, besides as mineral dust, is also carried in another aerosol type.

Table 2. Time-weighted mean elemental masses for stage 2/stage 3 (ngm�3) during the entire campaign
(n¼ 23), corresponding to the size intervals 0.25–1.0 and 1–4 of aerodynamic particle size, respectively.a

All (n) Days (n) Nights (n) No rain (n) Rain (n)

Si 79/505 (16) 141/723 (7) 50/405 (9) 101/634 (11) 37/270 (5)
Cl 1/56 (10) 0.5/58 (4) 1.5/55 (6) 1/67 (7) 1/35 (3)
K 14/65 (17) 23/83 (8) 10/56 (9) 18/79 (12) 6/39 (5)
Ca 16/86 (13) 27/118 (6) 11/70 (7) 18/103 (9) 11/53 (4)
Ti 1.5/7.7 (14) 2.0/9.3 (5) 1.2/7.0 (8) 1.8/10.1 (11) 0.9/3.5 (3)
V 5.4/5.9 (13) 15/16 (5) 0.9/1.2 (7) 7.7/8.1 (9) 1.2/1.8 (4)
Mn 0.6/1.8 (16) 1.0/2.7 (7) 0.4/1.4 (8) 0.7/2.1 (11) 0.4/1.2 (5)
Fe 26/111 (17) 42/141 (7) 18/97 (9) 29/133 (12) 19/70 (5)
Ni 0.8/2.0 (9) 1.9/4.5 (3) 0.2/0.9 (6) 1.1/2.9 (7) 0.2/0.4 (2)
Cu 0.9/1.4 (8) 0.4/1.5 (2) 1.1/1.4 (6) 0.9/2.0 (6) 0.9/0.4 (2)
Zn 2.7/4.3 (13) 3.2/7.3 (6) 2.5/2.7 (7) 2.3/4.5 (8) 3.4/3.6 (4)
Br 0.09/0.13 (5) 0.13/0.19 (5) 0.10/0.09 (4) 0.08/0.19 (2)
Pb 0.22/0.19 (9) 0.29/0.19 (3) 0.19/0.19 (6) 0.24/0.23 (7) 0.20/0.11 (3)
an¼number of samples.
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The reduction in MMD in night-time samples and at the same time in samples
representing advection from the north (table 3) can be explained by aging of the aerosol.
In particular, the smallest particle size fraction, 0.13–0.25mm, of K, Ca, Fe, and Zn was
more prominent when advection was from the north (figure 1a and c). Aerosols advected
from the south are mostly recirculated aerosols. The rhythm of land and sea breeze causes
offshore travel distances of air masses around 100 km. During aging, the small particles
had grown by coagulation or condensation. They had been removed only to a small
extent [12]. The fraction of large particles had decreased, possibly due to sedimentation or
washout. The difference is largest for Zn (�1.38mm), the element whose mass size
distribution exhibited the second maximum at 4–16 mm. The difference is smallest for V
(�0.33 mm), the element which exhibited the largest concentration drop (�95%). The
mass contribution of primary aerosols is decreasing during aging as secondary aerosols
are formed. Unfortunately, no mass mixing ratio analysis is possible, as the size-
segregated particulate matter mass data of the selected samples (table 3) are incomplete.

The effect of dry removal and re-distribution of particulate matter during transport
can be best addressed by analysis of those air masses without precipitation which were
sampled twice, namely during land breeze (northerly) and, during the subsequent
sampling interval, under sea breeze (southerly). Respective data are available from two
pairs of subsequent sampling intervals, namely on 13–14 and 14–15 June. The
particulate matter mass concentrations had decreased in one case (13–14 June) and
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Figure 1. Mass size distributions of selected elements for (a) all sampling intervals and (b, c) subsets
of samples.
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increased in the other (14–15 June). These changes cannot be interpreted without

information on the vertical mixing, which is not available. Consistently, for particulate
matter mass (presented in Baumgardner [13]), Ca, and Fe (figure 2), we find that the
mass fraction of particles in the 4–16mm size range had increased at the expense of
smaller particles during transport.

This could be due to the settling of large particles which in a plume over time become
enriched in the lower atmospheric levels or, if the centre of the plume is aloft during

Table 4. Time-weighted mean particulate matter and elemental mass size distributions during six sampling
periods without rain and two with rain.a

No rain Rain

c MMD c MMD �c �x �MMD

m 28.8 (3.6/11.4/8.2/5.6) 2.36 8.5 (0.3/4.3/3.9/<0.05) 1.17 �70 �1.19
Si 1076 (36/123/498/420) 4.11 336 (5/21/240/70) 3.13 �69 �24 �0.99
K 176 (15/23/77/60) 3.69 54 (3/5/39/7) 2.57 �69 �25 �1.12
Ca 233 (21/27/113/73) 3.54 92 (4/10/66/13) 2.58 �60 �3 �0.95
Ti 23.2 (2.1/2.3/11/7.7) 3.69 6.5 (0.2/0.7/4.7/1.0) 2.72 �72 �31 �0.96
Mn 6.7 (0.8/0.9/3.0/1.9) 3.33 1.6 (0.2/0.3/1.1/0.1) 1.75 �75 �42 �1.58
Fe 278 (26/40/127/86) 3.47 95 (6/15/66/9) 2.22 �66 �16 �1.24
Zn 26.1 (3.0/3.5/6.4/13) 4.65 11.2 (1.9/3.6/2.4/3.3) 2.95 �57 þ5 �1.70
aData are given as total (stage 1/stage 2/stage 3/stage 4) concentrations, c (ngm�3, except for m: mgm�3), corresponding to
the size intervals 0.13–0.25, 0.25–1.0, 1–4, and 4–16 mm of aerodynamic particle size, respectively, and the mass median
diameter, MMD (mm). �c, �x and �MMD denote the differences in concentration (%), mass mixing ratio (x¼ c/m) (%),
and MMD (mm) between nights/northerly and days/southerly or no rain and rain, respectively.

Table 3. Time-weighted mean particulate matter and elemental mass size distributions during three
selected days with southerly advection (7, 12, and 15 June) and three selected nights with northerly

advection (6–7, 7–8, and 8–9 June).a

Days/southerly Nights/northerly

c MMD c MMD �c �MMD

Si 1259 (67/180/533/479)b 3.97 373 (11/27/255/80) 3.12 �70 �0.85
Cl 81 (2/2/65/12) 2.81
K 234 (18/35/100/81) 3.71 65 (7/7/39/12) 2.75 �72 �0.96
Ca 378 (32/54/166/125) 3.62 101 (9/9/64/19) 2.83 �73 �0.79
Ti 30.1 (3.0/3.6/14/9.5) 3.53 7.8 (0.3/0.8/5.4/1.3) 2.78 �74 �0.76
V 80 (11/33/30/6) 1.58 4.3 (0.9/1.1/2.3/<0.02) 1.25 �95 �0.33
Mn 9.8 (1.1/1.4/4.4/2.8) 3.31 1.9 (0.2/0.3/1.2/0.2) 2.20 �80 �1.11
Fe 377 (28/72/159/118) 3.46 97 (6/13/65/13) 2.49 �74 �0.97
Co 0.02 (0.02/<0.003/<0.003/<0.003)b

Ni 2.3 (0.5/0.4/0.9/0.5) 2.65
Cu 12.1 (1.0/1.6/0.9/8.6) 5.92
Zn 50 (5/8/11/27) 4.76 15.6 (3.0/3.2/4.1/5.3) 3.38 �69 �1.38
As 0.11 (0.01/0.06/0.04/<0.003) 1.11
Se 0.08 (0.01/0.05/0.03/<0.003)b 1.08
Br 0.8 (0.1/0.2/0.4/0.1) 2.15
Pb 1.5 (0.2/0.7/0.3/0.3)b 2.26 0.7 (0.1/0.4/0.2/0.02) 1.08 �52 �1.18
aData are given as total (stage 1/stage 2/stage 3/stage 4) concentrations, c (ngm�3, except for m: mgm�3), corresponding to
the size intervals 0.13–0.25, 0.25–1.0, 1–4, and 4–16 mm of aerodynamic particle size, respectively, and the mass median
diameter, MMD (mm). �c, �x and �MMD denote the differences in concentration (%), mass mixing ratio (x¼ c/m) (%),
and MMD (mm) between nights/northerly and days/southerly or no rain and rain, respectively.
bn¼ 2.
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southward transport, the vertical dispersion of the plume, or both. In any case, the
conclusion is that during transport in the absence of precipitation, large particles
become enriched in the near-ground aerosol.

During sampling intervals with rain particulate matter, mass concentrations were
on average 38% lower than during dry sampling intervals. Most elements
were more depleted by rain than particulate matter mass. Cu, Br, and Pb,
however, were found at higher concentrations during sampling intervals with rain
than without (table 1). The mass size distribution does not provide an explanation
for this finding: Br and Pb had particularly low MMDs, while Cu had a
particularly high MMD (table 3). This finding may be counterintuitive, but it is
plausible, considering the limitations when interpreting time series: direct
comparisons of data subsets (as done here) imply the assumption of horizontal
homogeneity of the aerosol. This assumption is valid as long as source and sink
processes can be neglected. The temporal variability of particulate matter mass and
elemental concentrations, however, was considerable, which is common for urban
sites (proximity to sources). Therefore, an apparent increase in concentrations in the
data subset with rain events merely reflects the fact that temporal variability of
sources and sinks overcompensates for the effect of the process being studied
(washout). Still, this means that for these elements, Cu, Br, and Pb, the process
being studied was less influential than for others.

4. Conclusions

4.1 Sampling and analysis

Using plastic sample supports as impaction plates in a cascade impactor, a simple
method for direct determination of a number of elements in atmospheric particulate
matter samples by TXRF was tested in an urban environment. Satisfactory LOQs were
achieved, <0.006 ngm�3 for Fe and Cu and <0.002 ngm�3 for Si, Cl, K, Ca, Ti, V, Cr,
Mn, Co, Ni, Zn, As, Se, Br, Rb, Sr, Hg, and Pb (for individual impactor stages) given

(a) (b)
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Figure 2. Relative mass size distributions of (a) Ca and (b) Fe for all sampling intervals (‘all’) and for two
pairs of subsequent samples during 13–15 June, each with northerly followed by southerly (recirculated)
advection.
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the choice of sample allocation (80% were reserved for other analyses) and time and

particle size resolutions. This was due to the high variability in blank values (measured
in the laboratory prior to exposure), even though many elements could not be

determined in a number of samples. In future, this will be avoided by a more stringent
criterion for rejection of supports after the blank measurement. Furthermore, tests

showed that the initial coverage of the supports by a foil, not removed prior to the

blank measurement, reduces the blank values.
For the study of atmospheric processes having characteristic times of hours (such as

changes in atmospheric mixing and emission patterns), a higher time resolution and, for

the investigation of particle dynamics, a higher size resolution (capable of dealing with
3–5 size modes) are desirable. Both requirements would considerably reduce the

absolute analyte amounts per individual impactor stage to beyond the range accessible
for TXRF. No high-volume size-segregating particulate-matter samplers which would

allow sample focusing are available. Hence, an even more sensitive analysis method is
required. A more intensive and more coherent excitation source promises a significant

gain of sensitivity in XFA. Therefore, the development of a synchrotron-radiation-
excited total reflection X-ray fluorescence spectrometry (SR-TXRF) method is in

progress [38].
Apart from concentration and particle size (MMD), element speciation would be

another property needed to fully assess heavy-metal-related human-health hazards.

Other sensitive analysis methods are required and are in the process of being applied
for aerosol analyses, such as X-ray absorption fine structure (XAFS [39, 40]) methods

or plasma desorption mass spectrometry [18].

4.2 Element cycling and health hazard

As elements provide unique information on aerosol sources, the data reported here
allowed complementary insights into the aerosol cycling in the polluted coastal

environment being studied. In part, very low numbers of samples, 3–18 for individual
elements, provide only a limited basis for assessment of the site’s characteristics and for

comparison with other environments.
Known sources have contributed to anthropogenically mobilized heavy metals.

For V and Ni, which were found, elevated recirculation of local emissions as well

as offshore emissions may have contributed. The risk of carcinogenesis from
exposure to Ni as high as that measured in Salina Cruz (9.8 ngm�3 on average) is

about 2� 10�6 [41]. Despite a very coarse size distribution (four size ranges), the
elements’ characteristic differences in mass size distributions and changes to the

mass size distributions could be detected. Recirculation of the plume with the sea
breeze allowed quasi-Lagrangian sampling from the same plume. Thereby, it was

found that during transport in the absence of rain, the large particles became

enriched in the near-ground aerosol. From a toxicological point of view, this is the
less harmful alternative. The elements’ mass associated with the small particles, on

the other hand, was mostly preserved during the heavy precipitation events that the
polluted air experienced during the studies. This suggests that even in the wet

season in the humid subtropics, the main carriers of environmental health hazards
have quite long atmospheric lifetimes.
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