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Abstract

The physicochemical properties of coarse-mode, iron-containing particles, and their temporal
and spatial distributions are poorly understood. Single particle analysis combining x-ray
elemental mapping and computer-controlled scanning electron microscopy (CCSEM-EDX) of
passively collected particles was used to investigate the physicochemical properties of iron-
containing particles in Cleveland, Ohio in summer 2008 (Aug.-Sept.), summer 2009 (Jul.-Aug.),
and winter 2010 (Feb.-Mar.). The most abundant classes of iron-containing particles were
mineral dust, iron oxide fly ash, NaCl containing agglomerates (likely from road salt), and Ca-S
containing agglomerates (likely from slag, a byproduct of steel production, or gypsufn in road
salt). The mass concentrations of anthropogenic fly ash particles were highest in the Flats region
(downtown) and decreased with distance away from this region. The concentrations of fly ash in
the Flats region were consistent with inter-annual changes in steel production. These particles
were observed to be highly spherical in the Flats region, but less so after transport away from
downtown. This change in morphology may be attributed to atmospheric processing. Overall,
this work demonstrates that the method of passive collection with single particle analysis by
electron microscopy is a powerful tool to study spatial and temporal gradients in components of
coarse particles. These gradients may correlate with human health effects associated with

exposure to coarse-mode PM.
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Introduction

Ambient particulate matter (PM) has been associated with negative impacts on human health,
including adverse respiratory, cardiovascular, and cardiopulmonary health outcomes.! While
the effects of fine PM, PM, s (PM < 2.5 um, aerodynamic diameter) have long been established,’
coarse PM, PMjq.25, (10 pm > PM > 2.5 um, aerodynamic diameter) has recently received
greater attention.’ Positive associations have been observed between PMg, 5 and a variety of
health problems including cardiovascular diseases,’ mortality,“3 asthma,’ respiratory diseases,®
and chronic obstructive pulmonary disease (COPD).* Knowledge of the chemical species in
PMio-25 is needed to better understand these health effects and to identify sources for possible

regulatory action.

Transition metals in PM have been identified as potentially important contributors to biological
responses that lead to adverse health effects.” Iron is the most abundant transition metal in the
atmosphere'® that may either be lofted into the atmosphere as wind-blown mineral dust or
emitted as a byproduct of combustion processes (e.g. coal combustion), steelworks, and other
industrial sources.'®!! Iron particles from combustion can represent more than 50% of the total
iron deposited in areas near combustion sources'? and at remote sites.!> Iron in particles from
combustion processes is more soluble than iron in mineral dust and therefore thought to be more
bioavailable,'? which could have important health implications. The chemical form of iron. and
thus bioavailability. of natural mineral dust vs. anthropogenic combustion is being studied from

SUSIERE . - e 16
both chemical'*'* and biogeochemical perspectives.
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Given its abundance in the atmosphere, the health effects of iron have been investigated in a
number of studies.'”"” Ghio and Devlin showed that PM emitted from a steel mill adversely
impacted pulmonary health greater than a similar amount of PM from the same area when the
mill was not in production, attributable to metals including iron.'® Carter et al. showed that iron
(as well as vanadium and nickel) increased cytokine production in human airway epithelial
cells.”” Wei et al. reported that PM containing iron increased reactive oxygen species (ROS),
activated NF-xB, and led to cell death.'” Verma et al. found that iron in diesel exhaust particles
explained 84% of the variance in ROS produced by an in vitro macrophage-based assay.” Iron-
rich particles from Saharan dust storms have been associated with increased daily mortality in

Spain.”!

New sampling and analysis methods are available to study the inter-annual and spatial variability
in the physicochemical properties of metal-containing coarse particles. Since concentrations of
coarse particles have spatial distributions that are often highly heterogeneous due to their shorter
atmospheric lifetimes compared to fine particles,” it is important to determine their spatial
variabiiity and changes in their physicochemical properties. Passive samplers are a low cost,
energy efficient method to collect multiple samples simultaneously in different locations.?>
Mass concentrations determined with passive samplers have demonstrated strong correlation
with dichotomous samplers,?? and are increasingly being used to investigate spatial variability of
PM .25 in urban areas.*®?’ Recently, improved microscopy and spectroscopy methods have been
applied to iron-containing particles, including: scanning electron microscopy (SEM),?® micro-
focused X-ray absorption spectroscopy (u-}(AS),29 micro-focused X-ray diffraction (u-

XRD),”?® and micro-X-ray absorption near edge spectroscopy (u-XANES). 33!
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In this study, we investigate the concentration, chemical composition and physical properties of
iron-containing particles passively sampled in the Cleveland, Ohio air shed, using single particle
electron microscopy. Of particular interest is the heterogeneous chemistry of combustion-
generated iron-containing particles (referred to hereafter as fly ash), which has the potential to
lead to higher concentrations of bioavailable iron upon inhalation and could lead to adverse
health effects.’ The spatial distribution and concentration of fly ash particles followed trends in
emissions from anthropogenic sources. These particles were also found to evolve as they move
away from their source. Given the spatial and interannual variation in sources and
concentrations, efforts to improve the exposure assessments spatially within urban areas are
necessary to avoid potential misidentification of underlying causes for negative health effects

due to particulate matter.

Experimental Methods

Cleveland Sampling Sites. Sampling of PM,.2.s was conducted in Cleveland, Ohio in summer
2008, summer 2009, and winter 2010 as part of the Environmental Protections Agency’s
Cleveland Multiple Air Pollutants Study (CMAPS)

(http://www.rtord.epa.cov/ordfactsheets/index.cfm?fuseaction=home.FactSheetDetail&FactShee

tID=460). Sampling sites were distributed across the Cleveland metropolitan area from the
industrial Flats region adjacent to downtown out to suburban Medina (~33 miles southwest of
downtown). Twenty-five sites were chosen for the 2008 study based on a satellite-based remote
sensing method to design spatial sampling for intra-urban population exposure assessment,”

which was applied to the Cleveland area.’* Different monitoring sites were used for the 2009 and
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2010 studies, although there was some overlap with the 2008 sites. The process used to select
sites is described by Mukerjee et al.,”> and was based on a land-use regression (LUR) modeling
study. The selection of these sites was based on the need to span the mathematical space
determined by the model’s explaﬁatory variables (e.g., traffic intensity, distance to roadways,

and other urban land-use variables).

Samples were collected on polycarbonate substrates inside a passive sampler housing designed to
minimize the effects of wind and precipitation.”® Seven-day samples were collected each week
for three weeks in 2008 (August 12- September 2), five weeks in 2009 (July 27 — August 29),
and five weeks in 2010 (February 1 — March 9). This region experienced an economic downturn
in late 2008 (after our measurements were complete) that led to extensive industrial site closures
in 2009 followed by the reopening of some sites in 2010. In 2009, lower industrial emissions
resulted from no steel production during the sampling period, while in 2010 5,000 tons of steel
were produced daily.’” 2008 emissions inventory data is similar to 2010.>7*® For the duration of

the winter 2010 study, snow cover, which has been shown to suppress dust emission,”** was

*} increasing with further distance from downtown.

prevalent across the region,
Computer-Conirolled Scanning Electron Microscopy Analysis. Substrates were analyzed by
computer-controlled SEM (CCSEM) measurements with a Personal SEM®.*%** For 2008. 2009.
and 2010 the number of particles analyzed each year was 29,331, 49,329, and 53.105.
respectively. This automated analysis captured single particle physical properties, including:
average diameter (dave), maximum diameter (dmax), minimum diameter (duin), circular diameter

(deire), projected area, and perimeter. Although particles across all size ranges up to
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approximately 150 pm in diameter can deposit on the passive sampler, the CCSEM analysis for
these samples was confined only to particles satisfying 1.0 um < d, < 10 pm (d, is aerodynamic
diameter), in order to capture the supermicron PM fraction. The process for converting to mass

122 Briefly, aerodynamic

concentration is described in detail in Wagner and Leith?® and Ott et a
diameter and particle mass are calculated from projected area diameter through the use of a
volumetric shape factor, aerodynamic shape factor, and particle density from tables for specified
oxides based on chemical composition.”” Particle mass loading on the sample was converted to
ambient mass concentration using an empirically-derived deposition velocity model.**** Further
details on the calculation of mass concentration from SEM data are given in Supporting
Information. Energy dispersive x-ray spectrometry (EDX) was used to determine the elemental
composition of individual particles. EDX spectra from individual particles were analyzed using a
vector based algorithm to determine the relative abundance of 19 elements: carbon (C), sodium
(Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), sulfur (S), chlorine (Cl),
potassium (K), calcium (Ca), titanium (Ti), chromium (Cr), manganese (Mn), iron (Fe), nickel
(N1), copper (Cu), zinc (Zn), barium (Ba), and lead (Pb).‘“1 [ron-containing particles are defined
as those with a K-a peak at 6.4 keV representing greater than 2% of the quantified elemental

composition.

Data Analysis. Single particle data from the CCSEM-EDX analysis were imported into
MATLAB R2010a (MathWorks, Inc.) for analysis. Particles were analyzed through queries on
particle composition (Fe > 2%) and clustering using the k-means algorithm in the MATLAB
toolbox.**¥ Clustering algorithms have been applied to CCSEM-EDX data for over 20 years,

with the most commonly used algorithm being adaptive resonance theory 2a (ART2a).>"* In
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more recent years, the use of clustering for real-time single-particle mass spectrometry analysis
has shown that k-means is as effective as ART2a and is considerably simpler and faster to run.*
Further discussion of the application of clustering and error reduction is given in the Supporting

Information. After clustering, clusters were grouped into the basic classes based on mathematical

similarity, elemental composition and comparison with the literature, discussed below.

Results and Discussion

Particles Containing Iron. The mass concentration by size of all particles, iron-containing
particles, and the fraction of iron-containing particles per year are shown in Figure 1. (See
Sawvel et al.’’ for detailed analysis of all coarse particle mass, including the seasonal and
interannual variability of major particle classes). The mass concentration of all particles and iron-
containing particles were very similar in summer 2008 and summer 2009. In winter 2010, the
mass concentration of all particles was shifted to slightly larger particle sizes potentially due to a
large contribution of NaCl particles from application of road salt across the region. The fraction
of particles containing iron (blue line) was higher in summer 2008 and 2009 compared to winter
2010, when road salt was a large fraction of PMo.,s. Figure 1 shows that iron-containing
particles contribute substantially to coarse PM. However, the chemical composition and
properties of the iron-containing particles differ to a greater degree than is implied from the mass

concentrations and fractions, as discussed below.

Major Classes of Iron-Containing Particles. The iron-containing particles were categorized into
the following classes: fly ash, mineral dust, NaCl agglomerates, and Ca-S agglomerates. Figure 2

shows the average EDX spectrum and digital color histogram for each of the four major classes
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of iron-containing particles. The digital color histogram shows the fraction of particles in that
class containing a specific element, while the color represents the fraction of particles whose
peak intensity falls in that range. For example, 96% of particles in the mineral dust class contain
silicon and 19% of all mineral dust particles have silicon peaks comprising 30-50% (red block)
of the normalized x-ray counts for an individual particle. Although carbon was measured with
CCSEM-EDX, it is difficult, especially for smaller particles, to determine how much of the
carbon signal comes from the particle and how much is generated from the underlying
polycarbonate substrate. For this reason, carbon was not used in determining particle
classification. The number of particles from each class for each year is reported in Table S1 of

the Supporting Information.

SEM images of representative particles for the different particle classes observed are shown in
Figure 3 (Column 1). Columns 2-6 show EDX elemental maps of Fe, O, Al-Si, and Na-Ca to
identify the distribution of the different elements within representative particles. For some
particles with high X-ray emission, particles appeared to contain a marker in the elemental map
that was not present in the EDX spectra (i.e. Al-Si in fly ash particles). This is a common
problem in EDX elemental mapping®' and samples where there was no evidence of a specific
marker in the EDX spectrum are labeled “No Signal In Spectrum” in Figure 3. Particles
containing iron that did not fit into one of these five classes are not discussed in detail as they

had highly varying composition and represented less than 1% of the PM ., s mass concentration.

The fly ash class was characterized by particles that contained mostly iron (Figure 2a). These

particles were quite spherical (Figure 3a) and contained an even distribution of iron and oxygen
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throughout (oxygen was only identified through SEM-EDX mapping), which agrees with
previous measurements of fly ash particles emitted from steel facilities.>® The spherical shape
is due to the molten nature of the material at high temperatures when the particles are formed
during stee! production or other industrial prm:c-ssc:-;.54 Due to their high iron (and low aluminum
and silicon) content. these particles are attributed to fly ash from high temperature processes in
steel production, though a small fraction may be from power generation or other industrial

sources within the air shed.

Mineral dust particles were characterized by high fractions and intensities of aluminum and
silicon, likely in the form of aluminosilicates, along with other crustal elements including
magnesium, calcium, potassium, and iron (Figure 2b).5%¢ The mineral dust class showed a great
deal of variability in composition, and the class shown here represents a combination of four
different clusters: silicate dust, aluminosilicate dust, calcium-rich dust, and titanium-rich dust. In
contrast to the fly ash particles (Figure 3a), the mineral dust particles displayed an irregular and
rough morphology (Figure 3b) due to a mixture of different mineral crystals within a single
particle. The elemental maps for mineral dust show a heterogeneous distribution of different
minerals within individual particles.”” Mineral dust makes up the largest fraction of global
aerosol mass in the atmosphere®® and can be lofted into the air by wind” and by vehicles on

6
roadways.**°"

These major iron-containing classes (mineral dust and fly ash) were observed to be mixed with

NaCl and Ca-S as agglomerates (Figures 2¢ and 2d). The NaCl agglomerate class contained
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particles that were frequently cube-shaped with small iron inclusions or iron flakes (Figure 3c).
Na and CI (Cl not shown) were evenly distributed throughout these particles. PMjg, 5 was
highest in winter 2010 probably due to NaCl from road salt either from dry resuspension or
resuspension of salt spray from cars traveling on wet roads. These particles were not present in
summer 2008 or summer 2009. Road salt is used commonly to improve road conditions in the
winter season and has been shown to impact urban PM.?"* The particles that compose the Ca-S
agglomerate class fall into two categories. The particle shown in Figure 3d is an example of a
Ca-S type particle that is an agglomerate with a mineral dust particle. Ca and S are markers for
slag and cement production, as has been shown clsewhere.®® Though less frequent, a Ca-S-O
containing agglomerate (most likely gypsum - CaSO4) was observed as well (as in Figure 3c)
associated with aqueous droplets containing NaCl particles, likely gypsum from road salt. Ca-S
agglomerates were not observed in 2008 and 2009. Elemental mapping was valuable in
confirming the two primary forms of iron-containing particles: mineral dust and fly ash, and in
identifying agglomerates of the primary iron-containing particles with abundant non-iron-

containing classes.

Circularity and Aspect Ratio of the Different Major Classes. Particles in each of the four main
classes and the “Other” category were binned according to circularity (C) and aspect ratio (AR),

equations 1 and 2, respectively:

A
€= 4?’[‘63 (1)
d
AR = _M&x )
Aperp
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where A = area of the particle, P = perimeter of the particle, dmax is the maximum diameter of
the particle and dperp, is the diameter perpendicular to dmax. The normalized circularity and aspect
ratio (binned logarithmically to highlight values close to unity) for each year are shown in Figure
4. Circularity of 1 indicates a particle that is perfectly spherical, while an aspect ratio of 1
denotes a particle that is not elongated in any direction. The particles in the fly ash class had the
highest circularities and the lowest aspect ratios, as would be expected for spherical particles.
Interestingly, during the steel industry shutdown in 2009, the average circularity of the fly ash
class of particles decreased compared to 2008 and 2010. A possible explanation is that the fly
ash class of 2009 came from other sources (sources not emitting spherical particles) or comprises
particles that have undergone heterogencous reactions which break down the particle and
decrease particle sphericity,* or adsorption of secondary species with less than complete surface
coverage leading to increased surface roughness and reduced sphericity (see Figure S2 in

Supporting Information).

The mineral dust and particle class, observed in all three years, showed consistent, non-spherical
circularity and aspect ratio distributions (Figure 4). The NaCl and Ca-S agglomerates were only
observed in 2010 and were both quite non-spherical as well, though the NaCl agglomerate may
have been aqueous and thus spherical prior to loss of water on the substrate or in the SEM. It
should be noted that if any of these particles were in the aqueous phase and solidified under the
vacuum of the SEM they may appear less spherical than they were when present in the

atmosphere.
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Mass Distributions of the Five Major Classes. Figure 5 shows stacked mass size distributions for
the main particle classes averaged across all sites for each sampling year (column 1), averaged
for sites in the Cleveland Flats where industrial sources are concentrated (column 2), averaged
for the rest of Cleveland (column 3), and averaged for the rural background site at Medina
(column 4). Additionally, the mass size distribution for all particles is shown (black line) to
provide context as to the contribution of iron-containing particles to the coarse mass
concentration in each region. As Medina was not used in 2008 a map of the sites across the
Cleveland area is shown. Previous studies have shown maps of the Cleveland area and sources,64
as well as sites used for the CMAP studies.**> The mineral dust concentrations in 2008 and
2009 were quite similar. as were their percentage of total coarse mass (21 and 17%.
respectively). indicating inter-annual consistency in background mineral dust concentrations in
summer. The lower concentrations observed in winter are likely due to the snow cover®
reducing wind-blown suspension of mineral dust.**** Models have predicted lower windblown
dust emissions for Cleveland in winter, while anthropogenic fugitive dusts are predicted to be
constant year round under typical conditions.® The mass concentration of fly ash particles and
percent of iron-containing mass was notably lower in 2009 (12%) than in 2008 (28%) or 2010
(32%). consistent with the shutdown of steel production facilities in 2009. During this shutdown,
fly ash concentrations decreased across all sites, most notably in the Flats, but also in the rest of
Cleveland. If, as seems likely, these decreases were in response to the temporary shutdown of the

steel facilities, then the data in Figure 5 show that the potential for exposure to iron-containing

emissions from sources in the Flats extends across the entire Cleveland metropolitan area.
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The mass concentration of all classes of iron-containing particles decreased with increasing
distance from the Flats (Figure 5, columns 2-4). The decrease was similar for fly ash particles in
summer 2008 and winter 2010, but less dramatic in summer 2009. The reduced spatial gradient

in 2009 is again likely due to the shutdown of emission sources in the Flats for that year.

Similar spatial patterns were observed for mineral dust particles with decreasing concentrations
with increasing distance away from the Flats. (Medina was not sampled in 2008). In summer
2009 (during the economic downturn), this decrease was smaller for both total and iron-
containing particle concentrations. In winter 2010, substantial mineral dust concentrations were
observed in the Flats, although they were quite low at Medina. The rural nature of the Medina
site may lead to a greater fraction of snow cover that likely suppresses wind-blown dust, whereas
the high volume of industry and road activity may lead to significant concentrations of re-
suspended road dust in the Flats even in winter. Consequently, we attribute mineral dust in
winter to anthropogenic influences, whereas mineral dust in the summer of 2009, during a period
of reduced industrial output is attributed to naturally occurring wind-blown resuspension. The
highest mineral dust concentrations (summer 2008 in the Flats) are attributed to a combination of
anthropogenic sources of mineral dust (road dust and industry) and naturally occurring dust. The
concentration of NaCl agglomerates was also highest in the Flats, where there is a high volume
of vehicular traffic and road salt dispersal combined with a high concentration of iron-containing
particles. Ca-S agglomerates were also highest in the Flats consistent with the close vicinity of

steel and cement production.
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Processing of Fly Ash Particles during Atmospheric Transport. The findings in this study
suggest that fly ash particles react and lose sphericity during transport away from their
predominant source in the Flats, a contrast to increases in sphericity that are observed for

% The circularities of fly ash particles were grouped

submicron particles with high sulfur content.
by location, binned, and normalized for 2008 and 2010 when there was significant steel
production in the Flats (Figure 6). More than 26 + 1% of the fly ash particles were near-perfect
spheres (circularity > 0.95) in the Flats, compared to less than 11 + 1% away from the Flats, with
circularity distributions peaking at 0.80 in 2008 and 0.83 in 2010. The particles at Medina in
2010 have a similar distribution to the rest of Cleveland and are significantly less spherical than
fly ash in the Flats region (7 £ 2 % in spherical bin), which suggests that the particles have likely
already aged or were emitted from different sources that produce less spherical particles. The
circularities of the other particle classes did not change appreciably with distance from the Flats
(not shown). Taken together, the spatially resolved circularity data indicate that fly ash particles
most likely either react with inorganic acids (i.e. sulfuric acid) causing their spherical shape to
degrade or take up secondary species in a non-uniform manner during transport to downwind
locations across the metropolitan area. Figure S2 in the Supporting Information shows a particle
that may have undergone processes leading to a decrease in sphericity. Changes to fly ash
chemical and physical properties due to such reactions have been demonstrated in recent

laboratory studies.®’

Atmospheric Implications
The two-season Cleveland study provided a unique opportunity to characterize coarse PM over a

three year time period during which a major industrial activity was shut down. Iron-containing
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particles from natural and anthropogenic sources were found to represent a significant fraction of
total PMp2s in the Cleveland air shed. The importance of anthropogenic iron-containing
particles in the atmosphere has been highlighted in recent years, particularly as soluble iron
concentrations have exceeded estimates based solely on mineral dust aerosol.'* Determining
sources of iron-containing particles and understanding the distribution and evolution of these
particles across urban air sheds are critically important to better understand and predict adverse
health effects from exposure to PM. Herein, we have shown that industrial sources can be a
major source of iron-containing particles, particularly fly ash, across the Cleveland air shed. The
concentration of these particles decreases strongly with distance from source emissions. For
example, fly ash particles attributed to steel production were present in high concentrations in
2008 and 2010 in the industrial Flats region downtown and transported across the Cleveland
metropolitan area. These fly ash particles lose their spherical shape during transport to suburban
areas possibly due to heterogeneous reactions and secondary species condensation. Such
processes could potentially increase the amount of soluble, bioavailable iron en route.
Interestingly, even naturally occurring iron-containing mineral dust particles are suspended in the
atmosphere to a greater degree in areas with high vehicular traffic and industrial production. To
fully evaluate the health effects posed by iron-containing particles further studies are needed to
better understand the different types of iron-containing aerosols observed in highly populated
areas, their spatial and temporal variability, as well as the effect of heterogeneous reactions and
how these reactions may lead to more bioavailable iron that has the potential to lead to greater

negative health effects.
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Figure Captions

Figure 1: Mass concentration by size of all particles (gray), iron-containing particles (red), and
the fraction of iron-containing particles (blue line) in a) summer 2008, b) summer 2009, and ¢)
winter 2010.

Figure 2: Average spectra and digital color histograms of different particle classes containing
iron: a) fly ash, b) mineral dust, ¢) NaCl agglomerates, and d) Ca-S agglomerates. Average
spectra are given as a relative area across the 19 elements analyzed by CCSEM-EDX (C, Na,
Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Ni, Ba, and Pb). Digital color histogram
heights represent the fraction of particles containing a specific element and colors represent the
fraction containing specific ranges of intensities.

Figure 3: SEM images and EDX elemental maps of representative particles: a) fly ash, b) mineral
dust, ¢) NaCl agglomerate, and d) Ca-S agglomerate. Elemental maps of Fe (red), O (green), Al
(blue) or Si (aqua), and Na (orange) or Ca (pink), are shown for each class.

Figure 4: Circularity and aspect ratio of fly ash (green), mineral dust (brown), NaCl
agglomerates (aqua), Ca-S agglomerates (orange), and other classes (gray) of iron-containing
particles in a) summer 2008, b) summer 2009, and ¢) winter 2010.

Figure 5: Mass concentration by size of total particles (black line), fly ash (green), mineral dust
(brown), NaCl agglomerates (aqua), Ca-S agglomerates (orange) in a) summer 2008, b) summer
2009, and c¢) winter 2010. Columns provide geographic segregation of size distributions with
average across all sites (column 1), sites in the Cleveland Flats (column 2), Rest of Cleveland
(column 3), and Medina (column 4). Inset upper right is a topographic map of the Cleveland area
with different sites color coded by category: Flats (red), Rest of Cleveland (blue), Medina
(green). For a detailed map of sources and sites in Cleveland see refs.****® Note: Medina site
was not used in 2008.

Figure 6: Circularity distributions for fly ash particles in a) summer 2008 and b) winter 2010 for
the Cleveland Flats (solid line), Rest of Cleveland (dashed line), and Medina (2010 only, dotted
line).
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Figure Captions

Figure 1: Mass concentration by aerodynamic diameter of all particles (gray), iron-containing
particles (red), and the fraction of iron-containing particles (blue line) in a) summer 2008, b)
summer 2009, and c) winter 2010
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572  Figure 2: Average spectra and digital color histograms of different particle classes containing
573  iron: a) fly ash, b) mineral dust, ¢) NaCl agglomerates, and d) Ca-S agglomerates. Average
574  spectra are shown as relative x-ray peak areas across the 19 elements analyzed by CCSEM-EDX
575 (C, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Ni, Ba, and Pb). Digital color
576  histogram heights represent the fraction of particles containing a specific element and colors
577  represent the fraction containing specific ranges of intensities.
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579  Figure 3: SEM images and EDX elemental maps of representative particles: a) fly ash, b) mineral
580  dust, c) NaCl agglomerate, and d) Ca-S agglomerate. Elemental maps of Fe (red), O (green), Al
581  (blue) or Si (aqua), and Na (orange) or Ca (pink), are shown for each class.
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584

585  Figure 4: Circularity and aspect ratio of fly ash (green), mineral dust (brown), NaCl
586  agglomerates (aqua), Ca-S agglomerates (orange), and other classes of iron-containing particles
587  ina) summer 2008, b) summer 2009, and c¢) winter 2010.
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589  Figure 5: Mass concentration by size of total particles (black line), fly ash (green), mineral dust
590  (brown), NaCl agglomerates (aqua), Ca-S agglomerates (orange) in a) summer 2008, b) summer
591 2009, and c¢) winter 2010. Columns provide geographic segregation of size distributions with
592  average across all sites (column 1), sites in the Cleveland Flats (column 2), Rest of Cleveland
593 (column 3), and Medina (column 4). Inset upper right is a topographic map of the Cleveland area
594  with different sites color coded by category: Flats (red), Rest of Cleveland (blue), Medina
595  (green). For a detailed map of sources and sites in Cleveland see refs.’**"%* Note: Medina site
596  was not used in 2008.
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598  Figure 6: Circularity distributions for fly ash particles in a) summer 2008 and b) winter 2010 for
599  the Cleveland Flats (solid line), Rest of Cleveland (dashed line), and Medina (2010 only, dotted
600  line).
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603  Brief:

604  Sources, spatial distribution, and atmospheric processing of natural and anthropogenic iron-
605  containing particles are shown for the Cleveland, Ohio urban airshed.
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