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Seasonal and Spatial Coarse Particle Elemental
Concentrations in the Los Angeles Area

Payam Pakbin,1 Zhi Ning,1 Martin M. Shafer,2 James J. Schauer,2

and Constantinos Sioutas1

1Department of Civil and Environmental Engineering, University of Southern California, Los Angeles,
California, USA
2Environmental Chemistry and Technology Program, University of Wisconsin–Madison, Madison,
Wisconsin, USA

The concentrations of trace metals and elements in the coarse
fraction of atmospheric particulate matter (CPM, particles smaller
than 10 and larger than 2.5 µm in diameter, PM10–2.5) and their
spatial and temporal trends were investigated in the greater Los
Angeles area. Ten distinct sampling sites were chosen to encompass
a variety of CPM sources, including urban, rural, coastal, inland,
and near-freeway sites. Time-integrated 24-h CPM samples were
collected at each location once a week, for an entire year, from
April 2008 to March 2009, to characterize drivers of the seasonal
and spatial patterns of the CPM trace metal content. Metals were
quantified using sector-field inductively coupled plasma mass spec-
trometry (SF-ICP-MS).

Trace metals in CPM displayed distinct seasonal and temporal
variations, and a principal component analysis (PCA) was per-
formed to aid the identification of the CPM sources underlying
these variations. The probable sources of each principal compo-
nent were identified using elemental tracers. Major sources of CPM
metals and elements identified were crustal and mineral matter,
abrasive vehicular emissions, industrial, sea spray, and catalytic
converters, explaining more than 80% of the total variance of CPM
metal content. Mineral and crustal elements, most notably Fe, Ca,
Al, Mg, K, Ti, and Mn, were the main contributors to the overall
CPM mass, accounting for over 33% of the total variance, followed
by abrasive vehicular markers such as Cu, Ba, and Sb, accounting
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for over 16% of the variance, with an increasing contribution in
the urban sites. Temporal and spatial variations in each identified
class of CPM sources were also investigated.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION
An extensive literature has demonstrated associations be-

tween exposure to inhalable particulate matter (PM), both PM2.5

and PM10, and a variety of acute and chronic health out-
comes, including both respiratory and cardiac diseases (Horn-
berg et al. 1998; Monn and Becker 1999; Kleinman et al. 2003;
Villeneuve et al. 2003; Becker et al. 2005; Lipsett et al. 2006;
Yeatts et al. 2007). Studies suggest that the PM size is an im-
portant factor influencing aerosol toxicity; however, it is still
unclear whether toxic PM properties are concentrated in a par-
ticular size range. Current PM emission regulations, which fo-
cus on mass emissions of PM2.5 and PM10, have several caveats.
PM10 includes particles in both the PM2.5 range as well as coarse
PM (CPM—particles between 2.5 and 10 µm in aerodynamic
diameter), and these size fractions can have substantially dif-
ferent sources, thus different chemical composition and as a
result may lead to potentially different health outcomes (Pakbin
et al. 2010). Most PM2.5 particles are produced by combustion
processes, whereas airborne coarse particles are generally the
products of fugitive soil and dust. Nontailpipe emissions from
traffic-induced resuspension of road dust can be as significant
as primary exhaust emissions (Harrison et al. 2001). Moreover,
an increasing number of studies have reported associations be-
tween adverse health effects and specific PM chemical classes
or species, rather than total PM mass (Tsai et al. 2000; Clai-
born et al. 2002). Among these compounds, trace element and
metal species have been linked to various health impacts (Gavett

949



950 P. PAKBIN ET AL.

and Koren 2001; Luttinger and Wilson 2003). A number of
studies suggest that the biochemical activity of certain metals
and trace elements can contribute to the toxic properties of par-
ticles (Smith and Aust 1997; Lighty et al. 2000). Among the
trace metal species, only arsenic (As), beryllium (Be), cadmium
(Cd), cobalt (Co), chromium (Cr), mercury (Hg), manganese
(Mn), nickel (Ni), lead (Pb), antimony (Sb), and selenium (Se)
are listed by the US Environmental Protection Agency (EPA)
as air toxics; however, various studies have linked many other
trace metals to adverse health outcomes.

Nonexhaust roadway PM emissions are the result of resus-
pension of road dust, deposited from multiple sources, such as
windblown soil, abrasion of road surface, wear of tires and brake
linings, and from dry deposition of ambient PM, including those
directly emitted from vehicular exhaust (Thorpe and Harrison
2008). Although road dust is primarily composed of mineral ma-
terial (most commonly Al, Ca, K, Ti, etc.), it is also enriched in
heavy metals and metalloids (Amato et al. 2009). Wear of brake
lining and tire wear contribute greatly to the high metal content
of particles, especially those in the CPM mode. Barium (Ba),
copper (Cu), and zinc (Zn) are commonly used in brake linings
as friction agents, while Mo, Sb, Sn, and sulfides are added as
lubricants (Garg et al. 2000; Chan and Stachowiak 2004; Iijima
et al. 2007). Vehicle exhaust catalytic converters are the main
emission source of platinum group elements (PGEs; Rh, Pd, Pt)
in the urban atmosphere, resulting from the mechanical stress
on catalytic converters. Other elements such as Ce, La, Mo, and
Ni are also commonly employed in catalytic converters (Gandhi
et al. 2003; Morcelli et al. 2005; Colombo et al. 2008). Further-
more, the analysis of PM elemental composition, in addition to
the evaluation of its impact on human health, can be used in the
identification of specific emission sources (Querol et al. 2007;
Canepari et al. 2009).

The goal of this study was to provide a database of the trace
element and metal content of CPM in the greater Los Angeles
area. The CPM samples were collected at 10 sites in distinctly
different regions of the greater Los Angeles area, encompassing
urban, rural–agricultural, industrial, coastal, and background
desert sites, and affected by a variety of PM sources. Sam-
pling was conducted once a week, for an entire year, to cover
the seasonal variations at all the sites. Concentrations of forty-
nine trace elements were quantified by sector-field inductively
coupled plasma mass spectrometry (SF-ICP-MS) and principal
component analysis (PCA) was employed to help identify their
emission sources.

2. METHODOLOGY

2.1. Sample Collection
Ambient CPM samples were collected once a week from

April 2008 to March 2009 at 10 sites in the greater Los Ange-
les area to capture the spatial and temporal variations in CPM
constituents. Time-integrated 24-h samples were obtained from
12:00 AM PST to 11:59 PM PST on a weekday. Samples were

collected using personal cascade impactor samplers (Sioutas
PCIS, SKC, Inc., Eighty Four, PA, USA), at an air flow rate of
9 liters per min (LPM). Particles larger than 2.5 µm are impacted
on Zefluor (25 mm, Zefluor, 0.5-µm pore size, Pall Corp., East
Hills, NY, USA) after passage through a commercially available
inlet designed to achieve the PM10 cut point (Misra et al. 2002,
2003; Singh et al. 2003). All the filter substrates were weighed
before and after sampling, in the laboratory under controlled
conditions, to determine the collected CPM mass. All filters
were conditioned for 24 h in a room with controlled temperature
(21◦C ± 2◦C) and relative humidity (30% ± 5%) before being
weighed using a microbalance (Model MT5, Mettler-Toledo,
Inc., Highstown, NJ, USA). Additional details of the sample
collection protocols may be found in Pakbin et al. (2010).

2.2. Site Selection
Sampling sites were chosen to encompass the diversity of

CPM sources and sinks in the greater Los Angeles area. The 10
selected sites (Table 1 and Figure S1 in the online supplemen-
tal information) include urban sites near freeways, residential
sites located some distance from freeways, semirural, and desert
sites. Table 1 summarizes the relevant information about each
site, including sampling region, designation code, description,
geographic coordinates, and data recovery. The sites are cate-
gorized geographically into eastern, central, and western Los
Angeles; Riverside County; Long Beach; and Lancaster. A de-
tailed description of each site has been reported previously by
Pakbin et al. (2010). In brief, sampling sites located in the ur-
ban regions of Los Angeles were segregated into three regions:
eastern, central, and western Los Angeles. Eastern Los Angeles
sites—HMS and FRE—and the centrally located USC and CCL
sites were in close proximity to a network of major freeways,
east and south of downtown Los Angeles respectively, while the
western Los Angeles sites—LDS and GRD—can be classified
as coastal sites, although both sites were also close to major
roadways.

Riverside sites—GRA and VBR—were located 80 km in-
land from downtown Los Angeles, in residential areas with a
semirural nature. Both sites were adjacent to major roadways;
however, GRA was located immediately (300 m) north of the
CA-60 freeway and therefore it may be impacted to a greater
extent by freeway traffic. The Long Beach site—HUD—was
located immediately to the east of the Terminal Island Freeway
(SR-103) and close to the I-710 freeway, both of which have a
high fraction and volume of heavy duty diesel vehicle traffic.
HUD was also directly affected by the ports of Los Angeles and
Long Beach activities. In contrast, the desert site (LAN) was
in desert-dominated Antelope Valley, north of the Los Angeles
Basin (LAB), and over 2 km away from the nearest freeway,
although in the proximity of locally significant surface arterial
roadways. More details on each site and the general meteorol-
ogy of the various regions are described in Pakbin et al. (2010).
The VBR, HUD, and LAN sampling sites are also part of the Air
Quality Management District (AQMD) monitoring network.
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TABLE 1
Site information including sampling area, the designation code, description, geographic coordinates, site elevation, sampling

period, and data recovery

Cluster
Site

designation
Site

description Additional notes Latitude Longitude
Inlet

Elevation(m)a

Data
recovery

(%)

Los
Angeles

FRE Urban, near
freeway

∼50 m N of I-10 (West
Los Angeles)

34◦ 04′ 11′′ N 118◦ 09′ 02′′ W 5 100

HMS Urban, near
freeway

∼800 m E of I-10, ∼800
m N and E of I-5 curve
(West Los Angeles)

34◦ 02′ 09′′ N 118◦ 12′ 41′′ W 12 98

USC Urban, near
freeway

Typical urban site in
downtown Los
Angeles, ∼150 m W
of I-110 (Central Los
Angeles)

34◦ 01′ 09′′ N 118◦ 16′ 38′′ W 4.8 88

CCL Urban,
community

∼1.5 km E of I-110 and
∼3.0 km S of I-10
(Central Los Angeles)

34◦ 00′ 23′′ N 118◦ 17′ 59′′ W 6 98

LDS Urban, near
freeway

∼100 m W of I-405,
∼1.25 km S of I-10
(East Los Angeles)

34◦ 01′ 12′′ N 118◦ 25′ 33′′ W 6 94

GRD Urban,
community

∼1.5 km W of I-405
(East Los Angeles)

33◦ 59′ 40′′ N 118◦ 25′ 07′′ W 6 90

Long
Beach

HUD Urban, source,
near freeway

Located in the port of
Los Angeles area,
∼100 m E of Terminal
Island Freeway, and
1.2 km W of I-710

33◦ 48′ 09′′ N 118◦ 13′ 12′′ W 4 98

Riverside
County

GRA Semirural,
receptor,
near freeway

Semirural receptor site
in the inland valley,
∼100 N of CA-60

34◦ 01′ 14′′ N 117◦ 29′ 21′′ W 6 88

VBR Semirural,
receptor

Semirural receptor site,
∼3.0 km S of CA-60

33◦ 59′ 45′′ N 117◦ 29′ 31′′ W 4 92

Lancaster LAN Desert Typical desert site away
from urban sources,
2.0 km of W of CA-14

34◦ 40′ 09′′ N 118◦ 07′ 51′′ W 5.5 88

aHeight relative to the ground.

2.3. Analytical Methods
The elemental composition of the CPM samples was deter-

mined by high-resolution SF-ICP-MS after dissolution of the
filter-borne PM using a microwave-aided mixed-acid digestion
(Lough et al. 2005; Herner et al. 2006). A mixture of 1.0 mL
of 16 N HNO3 (Optima grade, Fisher Scientific, Pittsburgh, PA,
USA), 0.2 mL of 28 N HF (Ultex grade, J.T. Baker), and 0.35
mL of 12 N HCl (Optima grade, Fisher Scientific, Pittsburgh,
PA, USA) was used for PM dissolution in Teflon bombs with a
programmable microwave digestion unit (ETHOS, Milestone).
The procedure is described in detail by Herner et al. (2006).
Digestates were diluted to 15 mL with high purity water (18
M�/cm) and stored in low-density polyethylene (LDPE) bot-

tles, precleaned in 2.4 N HCl for 48 h, 3.2 N HNO3 for 48 h,
and rinsed with milli-Q (Millipore, Bedford, MA, USA).

The digestates were analyzed for forty-nine elements by
SF-ICPMS (Thermo-Finnigan Element 2), of which forty-two
were selected, based on signal-to-noise metrics, for inclusion in
the data analysis. The analytical uncertainties were determined
by sum-of-squares propagation of the uncertainty of the
SF-ICP-MS measurement (standard deviation of 3 replicate
measurements), the uncertainty of the method blank (standard
deviation of 4–5 batch specific blanks), and an estimate of the
uncertainty in the digestion method and the standard deviation
of replicate analyses of National Institute of Standards and
Technology (NIST) Standard Reference Materials (SRMs). Six
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solid samples of three SRMs were digested and analyzed with
every batch of twenty-five samples. Subsequently, the total un-
certainty of each measurement was determined by propagation
of the analytical component (above) with the uncertainty of
the field blanks. The elemental data were considered detectable
if the sample value was greater than twice the estimated total
uncertainty. The method detection limits (MDLs) for the
quantified species are presented in Table S1.

3. RESULTS AND DISCUSSION

3.1. Temporal and Spatial Variations in CPM Mass
Concentrations

A summary of CPM mass concentration data, including ge-
ometric and arithmetic means and standard deviations, is pre-
sented for each site in Tables 2–5. A detailed description of the
temporal and spatial variations in CPM mass from this study
was previously reported by Pakbin et al. (2010). Briefly, the
annual geometric mean concentrations observed across all 10
sites were in a similar range (ca. 10 ± 2 µg/m3), with the ex-
ception of LAN, which had a significantly lower concentration
(ca. 5 µg/m3). At most sites, summer CPM concentrations were
about 2–4 times higher than winter concentrations, with the ex-
ception of the HUD site, heavily influenced by port activities in
Long Beach and high heavy duty truck traffic, which had sum-
mer concentrations slightly lower than winter. The rural sites in

Riverside showed the highest seasonal variations. The generally
higher summer CPM concentrations were attributed to higher
contributions of windblown soils and dusts to overall PM con-
centrations due to increased southwesterly winds (Sardar et al.
2005; Moore et al. 2010; Pakbin et al. 2010). More stable at-
mospheric conditions in winter, coupled with relatively lower
mixing heights, result in a reduced contribution of windblown
dust, thus increasing the relative contribution of vehicular traffic-
induced emissions such as those from abraded brake lining and
tire wear.

Most trace metal concentrations lie within the range of
0.01–10 ng/m3, with only Na (554.5 ± 293.8 ng/m3), Fe (312.6
± 99.0 ng/m3), Ca (209.7 ± 67.2 ng/m3), Al (209.6 ± 73.1
ng/m3), Mg (119.0 ± 41.5 ng/m3), S (110.4 ± 43.8 ng/m3), K
(91.4 ± 31.1 ng/m3), Ti (19.7 ± 5.8 ng/m3), Ba (15.5 ± 5.5
ng/m3), and Cu (13.5 ± 4.3 ng/m3) exceeding 10 ng/m3. The an-
nual, winter, and summer geometric means of selected elemental
concentrations (in ng/m3) and the total CPM mass concentra-
tions (in µg/m3), along with their standard deviations at each
site cluster, are presented in Tables 2–5, while the monthly ge-
ometric means and standard deviations of all elemental concen-
trations are also presented in the supplemental material (Tables
S6–S9). Concentrations generally rise in the proximity of road-
ways, reaching values up to 10 times higher than at the rural
desert site in Lancaster. The intercorrelation of selected trace
elements and metals is presented in the supplemental material

TABLE 2
Los Angeles

Annual averagea SDb Winter averagec SD Summer averaged SD

CPM Mass concentration (µg/m3) 10.5 4.4 6.9 3.2 12.4 3.9
PC1 Al 175.2 63.6 140.5 74.9 178.5 16.1

K 78.9 27.1 63.9 22.4 75.6 22.1
Ca 194.3 66.6 164.3 60.1 174.3 29.3
Ti 19.4 6.9 19.3 7.9 16.1 3.9

PC1 & PC2 Fe 322.3 139.9 392.1 125.9 217.4 20.6
PC2 Cu 16.8 6.9 23.7 6.7 12.8 1.7

Sb 2.1 1.3 3.4 1.0 1.2 0.1
Ba 19.2 9.6 27.0 7.9 11.6 1.3
Pb 1.3 0.5 1.3 0.4 1.0 0.2

PC3 Zn 5.7 3.3 7.5 2.4 3.9 1.1
PC4 Cd 0.017 0.007 0.014 0.004 0.016 0.003

Ce 0.33 0.10 0.35 0.08 0.27 0.03
PC5 S 112.7 46.0 73.7 22.4 163.9 52.3

V 0.61 0.19 0.44 0.16 0.73 0.03
PC6 Cr 1.1 0.6 1.7 0.5 0.7 0.1

Ni 0.6 0.2 0.7 0.1 0.4 0.1
PC7 Na 570.2 361.8 257.6 80.8 999.4 396.5

Mg 108.3 36.8 69.2 5.1 135.1 41.7
PC8 Pt 0.003 0.001 0.003 0.001 0.002 0.001

Note: All elemental concentrations are in ng/m3.
aArithmetic mean, bstandard deviation, cwinter = December–February, dsummer = June–August.
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TABLE 3
Long Beach

Annual averagea SDb Winter averagec SD Summer averaged SD

CPM Mass concentration (µg/m3) 13.4 6.0 13.8 8.6 11.2 4.0
PC1 Al 318.9 133.9 433.0 24.8 221.1 48.4

K 150.4 49.8 157.3 3.3 121.4 79.0
Ca 306.1 93.1 352.7 0.2 240.9 31.5
Ti 25.2 10.6 38.1 0.5 16.0 2.3

PC1 & PC2 Fe 394.6 210.6 576.5 23.4 240.5 38.8
PC2 Cu 9.9 6.4 19.0 2.8 5.7 2.7

Sb 1.1 0.9 2.3 0.2 0.5 0.1
Ba 17.5 10.4 28.9 0.7 9.8 1.3
Pb 1.3 0.6 1.8 0.2 0.7 0.0

PC3 Zn 10.1 6.1 16.2 0.5 6.5 6.0
PC4 Cd 0.022 0.012 0.035 0.010 0.013 0.001

Ce 0.39 0.15 0.50 0.01 0.25 0.01
PC5 S 166.0 44.1 125.0 34.4 191.4 20.5

V 1.69 0.38 1.80 0.64 1.76 0.40
PC6 Cr 1.0 0.7 1.9 0.3 0.5 0.1

Ni 1.3 0.6 1.4 0.5 1.0 0.2
PC7 Na 668.3 264.1 375.6 173.5 933.4 291.2

Mg 141.4 23.6 131.4 8.0 141.2 30.3
PC8 Pt 0.002 0.003 0.005 0.004 0.002 0.005

Note: All elemental concentrations are in ng/m3.
aArithmetic mean, bstandard deviation, cwinter = December–February, dsummer = June–August.

TABLE 4
Riverside

Annual averagea SDb Winter averagec SD Summer averaged SD

CPM Mass concentration (µg/m3) 13.5 7.9 5.7 4.1 18.7 5.6
PC1 Al 313.8 150.2 159.4 14.6 401.2 16.9

K 159.7 83.1 66.8 6.6 258.4 17.4
Ca 318.0 135.7 154.0 15.8 437.1 9.2
Ti 26.0 11.2 13.3 0.7 36.1 3.5

PC1 & PC2 Fe 355.2 125.9 211.3 35.5 431.7 25.7
PC2 Cu 7.7 2.6 8.7 1.7 6.9 1.2

Sb 1.0 0.3 0.8 0.2 1.1 0.1
Ba 12.6 4.0 9.1 2.0 13.6 0.2
Pb 0.8 0.3 0.5 07, 0.8 0.1

PC3 Zn 5.0 1.5 4.8 0.9 5.2 0.2
PC4 Cd 0.016 0.004 0.013 0.002 0.016 0.003

Ce 0.39 0.11 0.31 0.13 0.42 0.02
PC5 S 86.6 54.6 43.8 11.0 156.0 38.8

V 0.82 0.41 0.39 0.03 1.16 0.12
PC6 Cr 1.0 0.5 1.1 0.6 0.9 0.1

Ni 0.5 0.2 0.3 0.2 0.7 0.1
PP7 Na 356.7 284.5 152.9 28.8 697.1 346.2

Mg 124.5 65.5 49.7 8.3 198.8 36.9
PC8 Pt 0.002 0.001 0.001 0.001 0.002 0.001

Note: All elemental concentrations are in ng/m3.
aArithmetic mean, bstandard deviation, cwinter = December–February, dsummer = June–August.
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TABLE 5
Lancaster

Annual averagea SDb Winter averagec SD Summer averaged SD

CPM Mass concentration (µg/m3) 5.2 3.2 3.1 2.5 5.2 2.5
PC1 Al 184.9 272.3 57.6 28.3 353.4 362.5

K 75.4 65.6 33.2 18.8 128.5 75.3
Ca 129.8 157.3 46.7 18.4 226.8 226.9
Ti 19.2 23.3 8.2 4.7 35.7 32.1

PC1 & PC2 Fe 208.4 204.6 89.3 40.6 359.7 258.7
PC2 Cu 11.7 11.4 9.4 6.0 17.9 20.8

Sb 0.4 0.2 0.4 0.2 0.4 0.2
Ba 6.5 4.4 4.2 1.6 8.1 5.9
Pb 0.5 0.4 0.2 0.1 0.7 0.6

PC3 Zn 4.1 2.0 2.9 0.4 4.8 2.5
PC4 Cd 0.009 0.006 0.005 0.001 0.014 0.008

Ce 0.26 0.27 0.13 0.08 0.32 0.33
PC5 S 46.9 33.9 23.0 11.1 81.3 32.2

V 0.57 0.54 0.23 0.12 1.07 0.63
PC6 Cr 0.6 0.5 0.3 0.1 0.9 0.7

Ni 0.4 0.3 0.2 0.1 0.5 0.4
PC7 Na 124.1 122.7 54.3 11.1 217.1 184.2

Mg 51.4 66.1 17.9 3.7 91.5 92.6
PC8 Pt 0.001 0.000 0.001 0.000 0.001 0.000

Note: All elemental concentrations are in ng/m3.
aArithmetic mean, bstandard deviation, cwinter = December–February, dsummer = June–August.

(Figure S2a–d), in a matrix composed of Pearson coefficients.
The elements selected for presentation were chosen based upon
the source apportionment analysis and data interpretation pre-
sented in the subsequent sections.

3.2. Principal Component Analysis (PCA)
To qualitatively identify the potential sources of trace met-

als species in CPM, PCA was employed. PCA was chosen as
the receptor model, because the application of chemical mass
balance (CMB) requires a detailed quantitative knowledge of
the emission source profiles, currently unavailable for many of
the trace element and metal species quantified in this study,
whereas for PCA, qualitative knowledge of the sources is suf-
ficient. Moreover, the source profiles may not be consistent
among the different sites due to physicochemical changes of
the urban aerosols with transport from source to receptor areas
of the basin, which may result in differences in particle size
distributions for key CPM sources. PCA was applied to a ma-
trix composed of chemically fractionated CPM data, including
only species that had signal-to-noise ratios (S/N) above unity in
more than 80% of the samples (forty-two species from the total
forty-nine species analyzed by SF-ICP-MS). Values below the
criterion threshold (S/N < 1) were replaced by a value chosen
randomly between zero and the MDL of that specific element
for the statistical analysis, in order to avoid false correlations
between variables with multiple below detection limit values.

In PCA, the algorithm attempts to explain the variance in
a multivariate dataset with the minimum possible number of
factors. If the variables are correlated with each other, a large
portion of variance in the dataset can be explained with a small
number of factors.

The primary PCA was applied to a pooled dataset from all
the sampling sites with the exception of the Lancaster site. The
Lancaster site was heavily influenced by wind-induced soil
emissions from the surrounding deserts, thereby making it a
unique “desert-like” site compared with the rest, and therefore
PCA was performed separately for that site. The VARIMAX
rotated factor matrix for the CPM metal data from all the sites
(except Lancaster) is presented in Table 6 along with the factor
loadings, associated eigenvalues, and variance, while the PCA
results for Lancaster are presented in Table S2. The VARIMAX
rotation was used to redistribute the variance to give a more
interpretable structure to the factors (Henry 1987). In the tables,
PCA factors are sorted in descending order of the correspond-
ing eigenvalues. Eight components with eigenvalues greater than
unity after the VARIMAX rotation were retained in the PCA,
accounting for over 80% of the total variance, with roughly 34%
accounted for by the first component. The elements were consid-
ered to identify the source categories when their factor loadings
were larger than 0.5. Identifications of probable sources of each
principal component were based primarily on the source profiles
and the presence of marker species. These identifications should
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TABLE 6
Principal component loadings (VARIMAX normalized) of selected trace element and metal species in airborne CPM

Principal component

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

Dy 0.95 0.09 0.21 0.04 0.05 −0.04 −0.08 0.04
Rb 0.95 0.02 0.04 0.05 0.01 0.02 −0.10 −0.04
Cs 0.91 −0.01 0.26 0.04 −0.05 0.04 0.02 0.01
Nd 0.90 0.22 0.15 0.10 0.14 −0.02 −0.06 0.14
Ho 0.90 0.10 0.33 0.04 0.01 −0.03 −0.10 0.03
Yb 0.90 0.18 0.26 0.01 0.06 −0.01 −0.07 0.04
Y 0.89 0.19 0.12 0.11 0.11 −0.05 −0.01 0.03
Pr 0.83 0.28 0.11 0.14 0.21 −0.04 −0.05 0.20
Sm 0.83 0.07 0.29 0.04 0.37 −0.06 −0.09 0.11
Ca 0.82 0.17 0.19 0.07 0.02 0.07 0.23 0.13
Mn 0.80 0.44 0.15 0.12 0.04 0.10 −0.13 −0.03
Sr 0.76 0.47 0.09 0.08 0.06 0.09 0.15 0.00
Lu 0.76 0.21 0.44 0.02 −0.01 −0.07 −0.07 0.09
Ti 0.75 0.51 0.15 0.11 0.04 0.07 −0.14 −0.01
Li 0.72 0.02 −0.12 0.02 0.04 0.02 0.03 −0.12
Eu 0.64 0.48 0.04 0.05 0.08 0.03 −0.02 0.15
Al 0.62 0.10 0.01 0.02 0.05 0.01 0.05 −0.05
K 0.61 −0.06 0.03 0.06 0.00 0.14 0.10 −0.18
As 0.56 0.32 −0.06 −0.01 −0.04 0.20 0.00 −0.17
Nb 0.52 0.37 0.61 0.12 −0.06 0.19 −0.02 0.20
Fe 0.56 0.77 0.10 0.10 0.03 0.08 −0.11 −0.01
Sb 0.12 0.95 0.01 0.07 −0.05 0.05 −0.08 0.02
Ba 0.28 0.92 0.03 0.10 0.01 0.04 −0.09 0.01
Mo 0.10 0.92 0.03 0.03 0.03 0.20 −0.03 0.05
Cu 0.13 0.83 0.06 0.16 −0.01 0.02 0.02 −0.04
Rh 0.00 0.78 0.16 0.02 −0.03 0.03 0.18 0.12
Pb 0.18 0.61 −0.05 0.15 0.12 0.09 −0.06 0.16
Th 0.41 0.00 0.86 0.06 −0.07 −0.03 −0.01 0.09
Sc 0.48 −0.01 0.82 0.05 −0.05 −0.05 −0.02 0.09
W −0.01 0.06 0.68 −0.07 0.37 0.19 0.00 −0.33
Zn 0.11 0.35 0.54 0.62 0.13 0.00 −0.09 −0.04
Cd 0.10 0.15 0.02 0.91 0.04 0.07 0.01 −0.06
Ce 0.24 0.22 0.01 0.82 0.13 0.04 0.02 0.10
La 0.13 0.04 0.00 0.10 0.83 −0.04 −0.01 0.29
V 0.37 −0.04 0.11 0.03 0.68 0.07 −0.04 −0.16
S −0.18 −0.01 −0.09 0.33 0.59 0.02 0.45 −0.12
Ni −0.02 0.08 0.01 0.06 0.03 0.89 0.02 0.16
Cr 0.06 0.23 0.05 0.05 0.00 0.86 0.01 0.04
Mg 0.39 0.01 0.03 −0.05 −0.01 0.02 0.83 0.10
Na −0.41 −0.11 −0.08 0.01 0.05 0.01 0.80 −0.04
Pt 0.01 0.23 0.03 −0.01 0.07 0.24 0.03 0.73
Co 0.41 0.29 0.38 0.02 0.35 0.38 −0.07 −0.30
Eigenvalue 14.12 6.73 3.48 2.22 2.09 1.99 1.79 1.22
% of variance 33.62 16.03 8.28 5.28 4.97 4.73 4.27 2.91

Note: Loadings higher than 0.7 are shown in bold, and loadings between 0.5 and 0.7 are underlined.
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not be considered definitive, as there could be some blending
between the factors.

PCA was also applied to the data pooled by different site clus-
ters (i.e., Los Angeles, Long Beach, Riverside, and Lancaster).
Owing to space limitations, the results of PCA for each site clus-
ter are not presented here, but were used in the interpretation of
the results, and are presented in the supplemental material (Ta-
bles S2–S5). In general, PCA yielded consistent patterns across
different site clusters, with relatively similar source profiles in
sampling sites located in Los Angeles, Long Beach, and River-
side; while in Lancaster, most trace element and metal species
had predictably high factor loadings in the soil-driven first prin-
cipal component, accounting for 33.2% of the total variance,
thus emphasizing the dominant influence of soil emissions at
this site (Table S2).

With this approach, the main sources and the most represen-
tative variables were quantitatively identified. The first principal
component (PC1) appears to represent soil dust, with a strong
contribution from the major crustal metals such as Ca, Mn, Ti,
Li, Al, K, Fe, and many of the soil source dominated rare earth
elements (REEs; Dy, Nd, Ho, Yb, Y, Pr, Sm, Lu, Eu, etc.). The
second principal component (PC2) has strong factor loadings for
species that are considered tracers of abrasive vehicular emis-
sions (e.g., tire and break wear), most notably Sb, Ba, Mo, Cu,
Rh, Fe, and Pb.

The interpretation of the third principal component (PC3)
is not as clear, partly because of the distribution of some of
the PC3 factor loadings between PC3 and other components.
For example, Zn factor loadings are of similar magnitude in
both PC3 and the fourth principal component (PC4; and to a
lower extend in PC2), while the REEs in PC3 also have high
factor loadings in PC1. These species, in particular W, Sc, and
Th, had higher factor loadings when PCA was applied to the
data from Long Beach (Table S3) and may represent nearby
industrial sources. High factor loadings of Cd and Ce in PC4
may represent plastic dust, resuspended from the debris from
ground-up plastics. Both Cd and Ce are commonly used as
dyeing agents in plastic production.

The fifth principal component (PC5) has high factor load-
ings of La, V, and S, all of which had higher factor loadings
when PCA was applied to the data from Long Beach, probably
representing ship emissions, particularly from the ports of Los
Angeles and Long Beach. The sixth principal component (PC6)
has the highest loadings for Ni and Cr. These two metal species
are often associated with plating industries and abrasive vehic-
ular emissions and had much higher factor loadings in the Long
Beach site. The seventh principal component (PC7) contains
most of the variability for Na and Mg, evidently represent-
ing sea salt aerosol spray transported from the Pacific Ocean.
The last principal component (PC8) has high factor loadings
for Pt, with considerably higher loadings in the Los Angeles
site cluster, likely resulting from vehicular catalytic converter
wear.

3.3. Crustal Material
The contribution of mineral dust and other crustal materials

to the total CPM mass was identified mainly by the presence of
elements such as Ca, Mn, Ti, Li, Al, K, and Fe, which are typical
tracers of mineral materials (Watson et al. 1994; Moreno et al.
2006; Perrino et al. 2009). PC1 accounted for 33.6% of the total
variance. The average concentrations of total crustal elements
in CPM varied both temporally and spatially. The most abun-
dant crustal elements found in CPM were Fe (median 312.6 ±
99.0 ng/m3 across all the sites), Ca (209.7 ± 67.2 ng/m3), Al
(209.6 ± 73.1 ng/m3), Mg (119.0 ± 41.5 ng/m3), K (91.4 ±
31.1 ng/m3), Ti (19.7 ± 5.8 ng/m3), Mn (4.4 ± 1.4 ng/m3), and
Sr (2.5 ± 3.1 ng/m3). The sum of the elemental concentrations of
these eight elements accounted for on average 56.7% of the total
CPM metal content of the forty-nine measured elements (sum
of the elemental concentrations of all analyzed elements) across
all the sampling sites. The temporal variations in the concentra-
tions of selected mineral material tracers across all the sites are
shown in Figure 1a–d. The highest averaged annual concentra-
tions of Al, K, Ca, and Ti were observed in the Riverside sites
with less annual variations, closely followed by HUD in Long
Beach and the Los Angeles sites, while average concentrations
of these species in Lancaster were much lower than those in
other sampling sites. The high concentrations of these species
in Lancaster during summer are due to a stronger contribution
of windblown dust because of higher wind speeds. However,
the normalized per PM mass concentrations of Fe, Al, K, Sr,
and Ti were highest in Lancaster, followed by the Riverside site
cluster, indicating a higher contribution of crustal elements to
the overall CPM mass in more rural sites. Although the abso-
lute metal concentrations (ng/m3) represent total exposure to
these species, the relative (per PM mass) metal concentrations
(ng of metal/mg of CPM) provide insight into different source
contributions at different geographic regions. This observation
is consistent with the source apportionment analysis based on
the temporal and seasonal variations in CPM mass concentra-
tions, discussed in details by Pakbin et al. (2010), showing a
higher contribution of windblown soil and dust in more rural
areas. Moore et al. (2010) showed that CPM concentrations in
the Lancaster site accounted for the majority of PM10 concen-
trations, because of the predominant contribution of windblown
dust to overall PM concentrations.

The patterns of temporal variation in ambient concentrations
of the crustal elements differed among site clusters (Figure
1a–d). The urban sites in Los Angeles and the Long Beach site
showed higher concentrations of crustal metals (e.g., Al, Ca,
K, Ti, Fe, Sr, and Mg) during winter, despite higher overall
CPM mass concentrations in summer (Pakbin et al. 2010);
crustal metal concentrations peaked in October, with continued
elevated concentrations evident through January/February.
The concentrations of selected crustal tracers during summer
remained lower and with less temporal variation. In contrast,
the rural sites in Riverside and Lancaster exhibited higher
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FIG. 1. Temporal variation of selected mineral dust tracers in different sampling site clusters: (a) Los Angeles cluster, (b) Long Beach, (c) Riverside cluster, and
(d) Lancaster.

crustal metal contributions during summer, coupled with higher
CPM mass concentrations in the same time period, thereby
suggesting the higher overall contribution of windblown dust to
total CPM mass in rural areas (Figure 1a–d), while in the urban
sites, the contribution of traffic-induced resuspended road dust
is dominating, leading to higher elemental concentrations under
more stable atmospheric conditions.

3.4. Abrasive Vehicular Emissions
The second principal component (PC2) was identified as

abrasive vehicular emissions, comprising trace elements such
as Sb, Ba, Mo, Cu, Rh, Fe, and Pb. Among them, Sb and Ba
are known as tracers of break wear (Dietl et al. 1997; Lough et
al. 2005). It should be noted that Fe had a relatively high factor
loading in PC1 also (0.56 compared with 0.77 in PC2, Table
6), suggesting both geologic and anthropogenic sources, also
reported by Lough et al. (2005). Brake wear emissions contain
significant amounts of Ba, Sb, Fe, Cu, and Zn (Garg et al. 2000)
consistent with their use in brake linings; for example, Cu, Mo,
Sb, and Sn are high-temperature lubricants, present in most

brake linings, while Ba and Zn sulfates are commonly used
as friction modifiers (Garg et al. 2000; Sternbeck et al. 2002;
Sanders et al. 2003; Chan and Stachowiak 2004; Iijima et al.
2007).

Pb may be emitted from several sources, including brake
wear and resuspension of road dust (Cadle et al. 1997; Garg et
al. 2000; Young et al. 2002). Root (2000) demonstrated that the
Pb wheel weights, widely used to balance motor vehicle wheels,
which are dropped from the wheels, can be rapidly abraded
and pulverized by traffic, thereby enriching the Pb content of
roadway dust. High correlations between Pb concentrations and
other abrasive vehicular emission tracers demonstrate that they
probably have similar sources (Figure S2a–d). Although Zn had
its highest factor loading in PC3 and PC4, it also had relatively
high factor loadings in PC2 (Table 6). Zn is used in the form
of zinc dithiophosphate in lubricating oils for gasoline vehicles
as an antiwear and antioxidant additive, which may contribute
to Zn emissions in CPM (Cadle et al. 1997), while Councell
et al. (2004) and Fauser et al. (1999) identified Zn as a tracer for
particles from tire wear.
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FIG. 2. Temporal variation of selected abrasive vehicular tracers in different
sampling site clusters: (a) Los Angeles cluster, (b) Long Beach, (c) Riverside
cluster, and (d) Lancaster.

The most abundant elements in PC2 were Fe, Ba, and Cu
with an average concentration of 312.6 ± 99.0, 15.5 ± 5.5, and
13.5 ± 4.3 ng/m3, respectively. The average CPM concentra-
tions of Zn, Sb, Pb, Mo, and Rh were 5.7 ± 2.2, 1.6 ± 0.6, 1.0
± 0.3, 0.4 ± 0.2 ng/m3, and 1.13 ± 0.31 pg/m3, respectively.
Most of the elements identified in PC2 had their highest mea-
sured concentrations at the Los Angeles sites, followed by Long
Beach, Riverside, and Lancaster site clusters, a trend that par-
allels vehicular traffic volume and reinforces a likely dominant
vehicular source for these elements. Cu, Sb, Ba, and Pb concen-
trations were highest at the Los Angeles site cluster (16.8 ± 6.9,
2.1 ± 1.3, 19.2 ± 9.6, and 1.3 ± 0.5 ng/m3, respectively), while
Fe and Zn concentrations were higher in Long Beach (374.2 ±
207.7 and 9.9 ± 5.9 ng/m3, respectively), probably due to ad-
ditional contribution from nonabrasive vehicular emissions in
Long Beach (e.g., local industrial sources). The temporal varia-
tions in ambient concentrations of selected brake wear markers
across all the sites are presented in Figure 2a–d. The elemen-
tal concentrations of these metal species were highest during
fall at all the sites (with higher concentrations extending into
the winter in the urban sites), with the exception of Lancaster,
with the highest deviations observed in the urban sites of Los
Angeles between seasons, most likely due to relatively more
stable atmospheric conditions that accentuates the contribution
of vehicle-induced resuspended road dust.

A number of studies have reported the Cu/Sb ratio as a char-
acteristic index of break wear; however, different values in the
range of 4–12 were reported in different urban environments
(Weckwerth 2001; Sternbeck et al. 2002; Furuta et al. 2005;
Gomez et al. 2005; Canepari et al. 2008). Although this ratio
can be dependent on the composition of the brake lining used in
the studied area, our data show very little variation in the Cu/Sb
ratio among all the site clusters—with the exception of Lan-

caster, the Cu/Sb ratio was on average (8.3 ± 0.8). The Cu/Sb
ratio in Lancaster was much higher (27.3), possibly because Cu
may have other sources than abraded brake wear in this area. At
the Lancaster site, Cu has a high factor loading in PC1 (Table S2;
along with crustal materials) and also exhibits good correlations
with soil tracers (Figure S2d), further confirming this hypothe-
sis. The Cu/Sb ratio in Long Beach (9.2) was relatively higher
than Los Angeles (7.6) and Riverside (7.9), probably due to
higher brake wear emissions resulting from stronger abrasion
processes of heavy duty vehicles in the I-710 freeway near the
sampling site.

3.5. Other Sources of CPM-Bound Metals and Trace
Elements

The highest elemental factor loadings in the PC3 correspond
to Th, Sc, W, Zn, and Nb (Table 6). The REEs present in PC3
(Th, Sc, Nb, and Lu) also have high factor loadings in PC1,
suggesting geological origins. However, refineries and oil-fired
plants are also major sources of REEs, from the widely used
zeolite cracking catalysts (Olmez and Gordon 1985). An es-
timated 2000 tons of catalyst material is lost per day by US
oil refineries (Fox 1985). Sc has application in oil refineries as
a tracing agent, while Th, W, and Zn have various industrial
sources, most notably industrial catalytic converters (Haynes
2010–2011). These metals generally have higher factor load-
ings when PCA is carried out on the data from Long Beach
(Table S3), coupled with higher average concentrations, both
indicative of their industrial origins in this region in proximity
to multiple oil refineries; while these metals may have geologic
origins in other regions. PC4 has the highest factor loadings for
Cd and Ce (in addition to Zn with relatively lower factor load-
ing), two trace metals commonly used in the dyeing process of
plastics, which may be enriched and accumulated in soil and
road dust over time. The spatial variations of these two species

FIG. 3. Annual variation of sodium (Na), a sea salt tracer, across all the
sampling sites.
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were quite low across the sampling sites, with the exception of
relatively higher concentrations of Cd in Lancaster. PC5 has the
highest factor loadings for La, V, and S. Both V and S are known
to be tracers of ship emissions (Arhami et al. 2009), which are
predominantly in the fine PM size range and their presence in
CPM may reflect a “tail” in the upper size distribution range;
for example, S may be in the form of ammonium sulfate, which
is mostly in the PM2.5 size range (Seinfeld and Pandis 2006;
Cheung et al. 2010). The presence of La in this principal compo-
nent may also suggest the contribution of oil refinery emissions.

PC6 has high factor loadings for the two trace metals Ni
and Cr, both often identified as markers of industrial emissions,
particularly the plating industries in Los Angeles. Singh et al.
(2002) attributed Ni and Cr to emissions from power plants
and refineries in Long Beach, whereas Querol et al. (2007)
identified Ni and V as markers of petrochemical emissions in
Spanish cities, while As, Cd, Cr, Cs, Cu, Mn, Mo, Ni, and Zn
were markers of different forms of metallurgy. When PCA was

applied to the Long Beach data, one of the main factors (PC2)
was characterized by high loadings of Cu, Cd, Cr, Mo, and Ni,
along with some of the abrasive vehicular tracers (Fe, Sb, Ba,
and Pb) and platinum group (Pt and Rh; Table S3), suggesting
that the emissions of these elements are most likely related to
the activities of the ports of Long Beach and Los Angeles as
well as the heavy duty diesel truck traffic associated with these
ports and their transport activities.

Marine aerosols play an important role in the overall PM
composition in Los Angeles, due to the geographic orientation
of the city, its proximity to the Pacific Ocean, and the prevailing
westerly wind patterns. The elements with the highest loading
on PC7 were Na and Mg, and this component was identified as
sea spray aerosols. The PCA estimated that the marine contri-
bution explains 4.2% of the total variance (Table 6). Na concen-
trations notably decreased from the coastal to the inland sites
(Figure 3), with the highest concentrations observed in Long
Beach (681.5 ± 253.4 ng/m3), followed by Los Angeles sites

FIG. 4. Annual variation of trace metals listed as air pollutants by the US EPA: (a) Los Angeles cluster, (b) Long Beach, (c) Riverside cluster, and (d) Lancaster.
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(570.2 ± 361.8 ng/m3), Riverside sites (356.7 ± 284.5 ng/m3),
and Lancaster (124.1 ± 122.7 ng/m3). Within the Los Angeles
site cluster, the western Los Angeles sites had higher average
concentrations of both Na and Mg (716.6 ± 423.7 ng/m3). Fig-
ure 3 shows the temporal variation in the concentrations of Na
across all the site clusters. The spatial variation in Mg concen-
trations is negligible compared with Na, with relatively higher
concentrations observed in Riverside compared with Los An-
geles. Mg is also a tracer of mineral dust as well as sea spray,
which explains the relatively high factor loadings in both PC1
(associated to mineral dust) and PC7 (associated with sea spray).

PGEs, particularly Pt, Pd, and Rh, are widely used in auto-
mobile catalytic converters. A number of studies have linked
airborne PGE concentrations to emissions resulting from chem-
ical, physical, and thermal stresses due to mechanical abrasion
and high temperatures (Rauch et al. 2001; Zereini et al. 2001;

Gomez et al. 2002; Wiseman and Zereini 2009), while other
studies showed an increase in PGE levels in urban soils and
dusts (Whiteley and Murray 2003; Zereini et al. 1997, 2007).
The average annual CPM concentrations of Pt and Rh were
2.27 (± 0.74) and 1.13 (± 0.31) pg/m3, respectively, while Pd
concentrations were below detection limits. Pt and Rh concen-
trations were highest in the Los Angeles site cluster, followed by
Long Beach and rural sites, with the lowest concentrations ob-
served in Lancaster. These concentrations are lower than those
reported by Rauch et al. (2005) in Boston (9.4 and 2.2 pg/m3 for
Pt and Rh, respectively). In the PCA, Pt had high factor loadings
in PC8, while the highest factor loading of Rh was observed in
PC2. When PCA was applied to the data from the sites in each
cluster separately, both Pt and Rh were in PC2 in Long Beach,
along with abrasive vehicular and industrial markers (Table S3).
This may be the result of higher industrial activity in the area of

FIG. 5. Annual variation of selected metal species from the identified sources using PCA across all the sampling sites (annual variation of sea salt tracer, sodium
(Na), is presented in Figure 3): (a) Titanium (Ti), (b) Antimoy (Sb), (c) Zinc (Zn), and (d) Platinum (Pt).
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Long Beach and/or a higher rate of road dust resuspension due
to heavy duty vehicle traffic.

Among the metal species discussed, some are reported by
the US EPA as hazardous air pollutants. These elements are
Sb, Be, As, Cd, Cr, Co, Pb, Mn, Hg, Ni, and Se; among which
Hg was not detectable by ICP-MS methodology, while Be and
Se concentrations were below the detection limit in more than
80% of the collected samples and therefore not reported. The
average concentrations of these elements across all the sites
were Sb (1.58 ± 0.64 ng/m3), As (0.079 ± 0.022 ng/m3), Cd
(0.016 ± 0.005 ng/m3), Cr (1.06 ± 0.41 ng/m3), Co (0.11 ±
0.03 ng/m3), Pb (1.03 ± 0.29 ng/m3), Mn (4.36 ± 1.43 ng/m3),
and Ni (0.64 ± 0.16 ng/m3). The temporal variations in CPM
concentrations of these elements in each site cluster are pre-
sented in Figure 4a–d. With the exception of Mn, these species
generally had higher concentrations in the urban sites of Los An-
geles and Long Beach, with elevated concentrations throughout
fall/winter, suggesting anthropogenic sources.

4. SUMMARY AND CONCLUSIONS
The samples of CPM from a year-long measurement cam-

paign at 10 sites in the greater Los Angeles area, subject to
various aerosol/pollution sources, were quantified for their el-
ement content. The PCA was applied in order to help identify
CPM sources in the study area. The PCA revealed a suite of iden-
tifiable CPM sources that were consistent with data available in
the literature, but also identified additional elemental markers
for some of these CPM sources that are reported here for the first
time. In general, trace metals associated with airborne mineral
dust dominated the overall CPM mass (mainly Al, Ca, Fe, K,
Mg, and Ti), while abrasive vehicular emission tracers (Fe, Ba,
and Cu) also contributed significantly. Other identified CPM
sources were industrial emissions, sea salt spray, and catalytic
converter emissions. Each of these classes of CPM trace ele-
ment and metal markers had their distinct temporal and spatial
variations. Figure 5a–d shows the temporal variation of selected
trace elements from each identified source, across all the site
clusters. Elements in the same class had generally similar spa-
tial variation patterns across the sites.

So far only eleven metal species have been listed in EPA as
airborne toxics, while many more may induce hazardous out-
comes in human health. Heavy metals accumulate in road dust as
a result of atmospheric deposition and can subsequently become
airborne by wind- or traffic-induced turbulence. The accumu-
lation of heavy metals is more rapid in dry locations, such as
the greater Los Angeles area, with about only 30 cm of annual
precipitation on average (National Oceanic and Atmospheric
Administration, NOAA). These species can also pollute urban
water runoffs and/or bioaccumulate in plants. In this study, we
provided a detailed description of the temporal and spatial vari-
ations of the CPM metal content in the greater Los Angeles
area, linked trace element and metal species to their potential
sources, and identified additional potential markers for rural and

urban CPM sources. We believe that this information will help
the US EPA as well as state regulatory agencies to develop and
implement cost-effective strategies to protect the public from
exposure to toxic compounds of CPM.
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