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Size Distribution of Health-Relevant Trace Elements in
Airborne Particulate Matter During a Severe Winter
Stagnation Event: Implications for Epidemiology and

Inhalation Exposure Studies

Walter A. Ham,! Jorn D. Herner,"»? Peter G. Green,' and Michael J. Kleeman'!
' Department of Civil and Environmental Engineering, University of California, Davis, Davis, California,

USA

2Present Address: Research Division, California Air Resources Board, Sacramento, California, USA

Size distributions for As, Cd, Bi, Br, Fe, Mn, S, Sb, Tl, K, V,
Rb, elemental carbon (EC), organic carbon (OC), sulfate (SO%‘),
chloride (CI7), and nitrate (NO3) were measured at Bakersfield
and Modesto CA between 12/15/2000-01/07/2001. S and V size
distributions were highly correlated with little diurnal variation
suggesting that, during stagnant winter conditions, inhalation ex-
posure and epidemiological studies can choose exposure/analysis
times of several days during which population exposure will be
relatively uniform. In contrast, the size distribution and tempo-
ral patterns of Fe are highly variable requiring more frequent
measurements and shorter health analysis periods to adequately
characterize exposure concentrations. K and Rb (tracers for wood
smoke) exhibited nearly identical diurnal size distribution shifts
(R? > 0.99) with smaller particles emitted at night and larger aged
particles evident during the day. This pattern suggests that the
health effects of fresh wood smoke could be studied through night-
time inhalation exposure experiments and aged wood smoke could
be evaluated through daytime experiments. All of the components’
size distributions were consistent with production by combustion
sources and/or secondary chemistry. Future inhalation exposure
studies should use a combustion source to generate these particles.
Lung deposition calculations predict that 32 4+ 11% of PM depo-
sition occurs in the pulmonary region, 61 + 23% occurs in the
respiratory region, and 6 + 2% occurs in the tracheo-bronchial re-
gion for all components. Deposition patterns were highly correlated
with PM, g concentrations suggesting that exposure estimates can
be developed with bulk filter samples during the current episode.
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INTRODUCTION

Epidemiological studies have identified exposure to airborne
particulate matter with diameters smaller than 2.5 um (PM ;5)
as a public health risk (Laden et al. 2000; Ostro et al. 2006).
The mechanisms of injury associated with airborne particles are
still poorly understood but several leading hypotheses focus on
the size distribution of airborne particles and/or their chemical
composition. For example, the CALFINE epidemiological study
examined the association between PM, s concentrations and
increased rates of morbidity and mortality in several California
counties (Ostro et al. 2006). Each 10 ug m~ increase in ambient
PM, s concentrations in the CALFINE study was associated
with a 0.06% increase in all-cause mortality. These results were
consistent with Schwartz et al. (1996) finding in their reanalysis
of the Six Cities study. In the cooler months, a number of major
PM species (OC, EC, NO3, SOﬁ_) and trace PM species (Fe, K,
S, V) were more strongly correlated than PM; 5 mass with excess
all-cause mortality (Ostro et al. 2007) suggesting that some
PM; s components may have disproportionately large health
effects during the winter months.

Airborne particle size is relevant to health considerations be-
cause aerodynamic diameters determine where each particle is
likely to deposit in the human respiratory system (Raabe et al.
1986). A particle with a diameter of 2.5 ;um has a deposition effi-
ciency of 19% in the pulmonary region of the human lung while
a particle with a diameter of 0.5 um will have a pulmonary
deposition efficiency of only 7%. Despite the critical role of
particle size and composition, many epidemiological and tox-
icology studies are carried out with very limited size-resolved
characterization.

The California Regional Particulate Air Quality Study (CR-
PAQS) was designed to characterize the concentrations and
sources of PM;y,PM; 5 in central California during the win-
ter months when concentrations are highest (Chow et al. 2006).
The findings from CRPAQS have identified trends for PM; s
concentrations (Chow et al. 2006), the impact of biomass
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emissions on PM; 5 concentrations (Qin and Prather 2006; Chen
et al. 2007; Chow et al. 2007), processes affecting secondary
aerosol formation (Herner et al. 2006), processes affecting the
size distribution of airborne particles (Herner et al. 2006; Her-
ing et al. 2007), and regional contributions to airborne particle
concentrations (Ying et al. 2008). A few studies have examined
the size distributions of the major PM species during CRPAQS
(Herner et al. 2006; Chow et al. 2008) but very little infor-
mation has been reported to date on the size distribution of
health-relevant trace elements contained in PM size fractions
smaller than 2.5 pm.

The current study reports the size distribution of major and
trace species contained in airborne particulate matter in cen-
tral California during the severe winter stagnation conditions
that existed during CRPAQS with a particular focus on health-
relevance. Twelve trace elements that passed quality control
checks (As, Cd, Bi, Br, Fe, Mn, S, Sb, Tl, K, V, Rb), elemental
carbon (EC), organic carbon (OC), sulfate (SOy), chloride (Cl),
and nitrate (NO3) were selected as the focus for the current study
because of their potential to directly cause human health effects,
their potential to act as tracers for important sources, or their
direct contribution to primary particle mass (Chow et al. 2006).
Table 1 summarizes some of the known adverse health effects
and sources of the components analyzed in this study to further
aid in the link to the health studies. Additional elements such
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as nickel (Ni) and copper (Cu) are also known to cause adverse
health effects but did not pass strict measurement quality control
criteria and so they will not be discussed in the present study.
Insights gained from this analysis will be relevant for ongoing
health effects studies in central California including CALFINE.

METHODS

Detailed information regarding airborne particle sample col-
lection, analytical methods, and quality control measures em-
ployed during CRPAQS have been reported previously (Herner
et al. 2005) and so only a brief summary is presented here. Air-
borne particulate matter samples were collected at multiple sites
throughout central California during two atmospheric stagnation
events during the winter of 2000-2001. Size-resolved airborne
particulate matter samples were collected during four Inten-
sive Operating Periods (IOP’s) over a total of 15 days between
December 2000 and February 2001. IOP1 took place during
December 15-18, IOP2 during December 26-28, IOP3 during
January 4-7, and IOP4 during January 31-February 3 (Herner
et al. 2006). Daytime samples (10-18 PST) and nighttime sam-
ples (20-8 PST) were collected separately to characterize the
diurnal changes to particle size and composition. This study fo-
cuses on the results obtained for Modesto (pop. ~200,000) in
the northern portion of California’s San Joaquin Valley (SJV)

TABLE 1

Potential health effects and sources of particulate matter components measured during CRPAQS
Species Health effects Sources
As Vasospasticity, cell function, heart rate variability, cancer! Fossil fuels, automotive, smelting18
Cd Cardiovascular, cell function, neurological, cancer?34 Fossil fuels, automotive, smelting18
Bi Heart rate variability® Crustal dust, smelting
Br Cell function, heart rate Variability6 Marine aerosol, biomass burning, pesticides19
Fe Cardiovascular, oxidative stress, inflammation’-8-° Natural dust, Fossil fuels!'®
S Cardiovascular!” Fossil fuels
Sb Cell function, heart rate variability, respiratory!! Crustal dust, smelting!!-2°
Tl Cell function, heart rate variability, respiratory, neurological >3 Fossil fuels, smelting'3
K Respiratory®!° Biomass burning, meat cooking
A% Cardiovascular, respiratory'%14:15.16.17 Fossil fuels, smelting'”
Rb Respiratory?® Biomass burning, meat cooking
Mn Cardiovascular'® Fossil fuels, smelting
Cl Cardiovascular'® Marine aerosol, fossil fuels
NO3 Cardiovascular, respiratory '’ Fossil fuels
S04 Cardiovascular, heart rate variability'” Fossil fuels
ocC Cardiovascular, respiratory, heart rate variability® 1 Fossil fuel, biomass burning, agricultural
EC Cardiovascular, respiratory, heart rate variability®'° Fossil fuel, biomass burning

(Lagerkvist et al. 1986), 2(Beton et al. 1966), *(Townshend 1982), *(Research Triangle Institute and United States. Agency for Toxic
Substances and Disease Registry 1999), 3 (International Labour Office and Parmeggiani 1971), ®(Naeher et al. 2007), (Sutton and Winterbourn
1989), (Weinberg 1996), °(Bingham et al. 2001), '°(Ostro et al. 2007), '!(United States Agency for Toxic Substances and Disease Registry
1992), '2(Ludolph et al. 1986), '*(Life Systems Inc. et al. 1992), “(Kiviluoto 1980), '3(Kiviluoto et al. 1979), '(Knecht et al. 1985), '7(Life
Systems Inc. et al. 1992), '8(Brewer 1997), '°(Mano and Andreae 1994), 2°(Moreno et al. 2007).
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and Bakersfield (pop. ~300,000) in the southern portion of the
SJV. These sampling sites were selected for analysis because
they produced the most extensive size-resolved speciation data
set created during CRPAQS. The distance between Modesto
and Bakersfield is approximately 320 km. Previous studies have
shown that the PM at Modesto and Bakersfield is generally
associated with sources that are located in sub-regions of the
SJV around the monitoring sites during this period (Ying and
Kleeman 2009). Some minor intra-regional transport events did
occur but they generally did not transport PM between the two
sampling sites.

PM samples were collected with Micro-Orifice Uniform De-
posit Impactors (MOUDI Model 110, MSP Corp.) and filter-
based samplers (RAAS2.5-400 Andersen Instruments). Both
the MOUDI and RAAS samplers employed an upstream Air
and Industrial Hygiene Laboratory (AIHL)-cyclone separator
(John and Reischl 1980) to remove particles with aerodynamic
diameter larger than 1.8 um. MOUDI samples were divided
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into 6 size fractions smaller than 1.8 um with 50% aerody-
namic collection diameters of 0.056, 0.1, 0.18, 0.32, 0.56, and
1.0 pm. Samples designated for ICP-MS analysis of trace el-
ements were collected on Teflon (R2PJ047, Pall Corp.) filters,
while samples designated for carbonaceous analysis were col-
lected on aluminum foil substrates and quartz fiber filters that
had been pre-baked at 550°C for 48 h to reduce background
carbon levels.

PM mass measurements were obtained for Teflon filters and
aluminum foil substrates using a Cahn-33 microbalance. Quartz
filters and aluminum foil substrate were analyzed for OC and
EC using a thermal optical transmittance method (Sunset Lab-
oratory EC/OC Analyzer) following NIOSH 5040 temperature
protocol. Half of each Teflon filter was extracted in a mixture
of 75% acetone (Fisher Optima grade) and 25% 1N nitric acid
(Fisher Trace Metal Grade diluted with MilliQ ultra-pure wa-
ter) and analyzed for trace elements with Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (Agilent 7500i1) (Herner
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FIG. 1.

Time history of PM; g and PMy | concentrations at Modesto during the study period. (Continued)
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et al. 2006). A recent comparison of this analysis procedure
vs. traditional ICP-MS analysis methods and XRF analysis for
trace elements yielded accurate measurements for trace-element
size distributions contained in airborne particles (Herner et al.
2006).

RESULTS

Time Trends for PM; g and PM,_ 1 Trace Concentrations
Figure 1 shows the PM; g and PM ; component concentra-
tions measured at Modesto between December 2000 and Febru-
ary 2001. Sulfur (S) was the most abundant trace element found
in the PM, g size fraction at Modesto with an average daily con-
centration of 600 ng m™ during the study period. Particulate
sulfur also experienced the greatest increase in average ambi-
ent concentration in both PM; g and PMy ;. Daily PM; g sulfur
concentrations increased nearly 5 fold from 316 to 1520 ng m—>
during the study. A comparison to Ion Chromatography mea-

surements indicates that sulfur exists almost exclusively as sul-
fate produced by the oxidation of gas-phase SO, over time. SO,
emissions are generally low in California but several sources are
present in the SJV that combust fuel with high sulfur content
(Ying et al. 2009).

Potassium (K) was the second most abundant PM trace el-
ement found in airborne particulate matter during the study
period, with daily average concentrations of 224 ng m—. Day-
time K concentrations at Modesto increased at a more grad-
ual rate than S, rising from 205 to 295 ng m—> during the
study. Potassium is abundant in primary wood smoke parti-
cles (Kleeman et al. 1999) and wood smoke is known to be
a dominant source of PM during winter stagnation events in
the SJV (Qin and Prather 2006; Chen et al. 2007; Chow et al.
2007; Ying et al. 2008). The buildup of daytime K concen-
trations during the current study reflects the accumulation of
wood smoke trapped below the upper atmospheric inversion
layer.
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Iron (Fe) was the third most abundant trace element at
Modesto during the study period with an average daily PM, g
concentration of 63 ng m. Daytime PM,; g Fe concentra-
tions decreased from 83 ng m™> to 19 ng m™> during IOP2
and IOP3, whereas nighttime concentrations remained constant.
PM,; concentrations displayed similar trends to PM; g.

Daytime concentrations measured when atmospheric mixing
depths are <700 m reflect the steady buildup of pollution over
the extended 3 week stagnation event while nighttime measure-
ments made during low-level (30-50 m) nocturnal inversions
reflect the influence of fresh emissions from sources close to the
sampling location (Held et al. 2004). In most cases, PM; g and
PM, ; concentrations exhibit similar time trends, with PMg
experiencing somewhat larger oscillations about the mean value
relative to PM; g. Seven trace elements (As, Br, Cd, K, Rb, Sb,
TI) measured in PM; g and PM ; size fractions at Modesto dur-
ing IOP2 and IOP3 had strong diurnal variations with nighttime
concentrations greater than daytime concentrations in almost all
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samples. This diurnal pattern matches PMy ; OC and EC trends,
suggesting that these elements are emitted directly from sources
in the particle phase (Herner et al. 2006). Conversely, Bi, Fe,
S, and V did not show significant diurnal variations, suggest-
ing that the sources of these elements were not located close to
Modesto and/or that these elements are transferred to the parti-
cle phase during atmospheric chemical reactions (Herner et al.
2006).

In addition to the diurnal patterns discussed above, Figure 1
also illustrates longer time trends. IOP2 and IOP3 took place
within a single large-scale stagnation event that spanned more
than 3 weeks. Daytime concentration trends across IOP2 and
IOP3 reflect the balance between production and loss mecha-
nisms for trace elements in airborne particles trapped below the
upper inversion layer. Figure 1 illustrates that As, Br, K, Rb, Sb,
S, and V increase in daytime concentration in the PM; g size
fraction during IOP2 and IOP3 at Modesto. These elements in
the PM; g size fraction are more likely to be associated with aged
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particles that may be more oxidized than fresh emissions. Day-
time concentrations of OC and EC also increase during IOP2
and IOP3, reflecting the buildup of primary emissions during
the large scale stagnation event (Herner et al. 2006).

Figure 2 shows the PM; g and PMj ; component concentra-
tions measured at Bakersfield using the same format as Figure
1. Sulfur (average daily concentration = 1.0 ug m™—>) was once
again the most abundant trace element measured at Bakersfield
followed by Fe (average daily concentration = 2.9 ng m™), and
K (average daily concentration = 2.0 ug m™).

There are several common trends in trace element concen-
trations measured at Modesto and Bakersfield. As, Br, Cd, K,
Rb, Sb, and TI all have higher nighttime concentrations than
daytime concentrations in the PM; g size fraction. As, Bi, Br,
Fe, K, Rb, Sb, and TI measured in the PM; g size fraction at
Bakersfield demonstrated an increase in daytime concentrations
during IOP2 and IOP3. These trends result from the same pro-
cesses that were active at Modesto.

A comparison between Figures 1 and 2 reveals some no-
table differences between trends at Bakersfield and Modesto.
Nighttime concentrations of PM; g S were slightly greater than
daytime concentrations at Bakersfield, suggesting that some
nighttime production mechanism or primary source of particu-
late S dominates concentrations in the southern SJV. Daytime
PM, g concentrations of S and V at Bakersfield decreased dur-
ing IOP2 and IOP3, possibly because deposition processes for
these elements outweighed emissions and secondary produc-
tion mechanisms. PMy ; trace element concentrations are not
well correlated with PM| g concentrations at Bakersfield, possi-
bly because the high concentrations of accumulation mode par-
ticles scavenge smaller particles through coagulation (Herner
et al. 2006). This lack of correlation between the fine and ul-
trafine size fractions calls into question epidemiological results
based exclusively on fine particle measurements. Br, K, Rb,
and S were the only elements with enhanced nighttime PMy ;
concentrations relative to daytime concentrations.
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Trace Element Size Distributions

Figures 3 and 4 show the average daytime and nighttime par-
ticle size distributions of particulate OC, EC, NO5, SOﬁ_, Cl-,
and twelve health relevant trace elements found at Modesto and
Bakersfield, respectively. The carbonaceous aerosol size distri-
bution peaks in the 0.32-0.56 um range during both the day-
time and nighttime sampling periods. The nighttime measure-
ments exhibit slightly increased concentrations in the 0.18-0.32
pm range because direct emissions from combustion sources
peak in this size range (Kleeman et al. 1999, 2000; Robert et
al. 2007; Robert et al. 2007; Kleeman et al. 2008) and fresh
emissions dominate during the evening hours when a low-level
stagnation layer forms due to radiative cooling of the earth’s
surface.

Sulfur (S) size distributions generally exhibited a peak be-
tween 0.56 and 1.0 um for day and night measurements with
little change during the sampling campaign. This accumulation
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mode reflects the formation of sulfate in the aqueous phase. The
geometric standard deviation of the sulfate size distribution is
slightly larger at Modesto than at Bakersfield, possibly reflect-
ing the enhanced formation rates at Modesto versus the approxi-
mately constant concentrations at Bakersfield (see Figures 1 and
2). Vanadium (V) is the only other particle-phase element that
consistently peaks in this size fraction at both sampling sites.
Vanadium is commonly associated with heavy fuel oil combus-
tion during source apportionment studies. These same sources
would be expected to release sulfur that would eventually be
oxidized to form particulate sulfate.

The measured size distribution of iron (Fe) is highly variable
at Modesto and Bakersfield as demonstrated by the large un-
certainty bars in Figures 3 and 4. When averaged across all
sampling periods, the daytime and nighttime Fe size distri-
butions at Bakersfield have a single mode between 0.32 and
0.56 um particle diameter. The daytime and nighttime Fe size
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Average nighttime (shaded bars) and daytime (dashed line) trace component size distributions at Modesto. (Continued)
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distributions at Modesto are bimodal with the smaller mode be-
tween 0.1 and 0.32 um (daytime) or <0.1 wm (nighttime) par-
ticle diameter and the larger mode >1.0 um particle diameter
(daytime and nighttime). The bimodal nature of the Fe size dis-
tribution indicates that PM containing Fe are derived from both
crustal and combustion sources. This has strong implications
for inhalation exposure studies as its size distribution affects
its respiratory deposition pattern which may, in turn, affect the
types of health effects induced.

The shape of the particulate K and Rb size distributions are
similar at Bakersfield and Modesto during all time periods. K
and Rb exhibit a distinct diurnal pattern with nighttime peaks
occurring between 0.18 and 0.32 pum particle diameter and day-
time peaks that occur between 0.32 and 0.56 pum particle di-
ameter. This size distribution shift follows the same trend as
carbonaceous particles at Bakersfield and Modesto. The simi-
larity between the size distribution shape and temporal pattern
for K and Rb suggests that these elements originate from the

1.00
Particle Diameter, Dp (um)

(Continued)

same source—likely wood smoke (Kleeman et al. 1999; Qin
and Prather 2006; Ying et al. 2008).

Particulate size distributions of As/Br/Cd (Modesto) and
Bi/Tl (Bakersfield) exhibited diurnal patterns similar to K and
Rb with nighttime peaks occurring in size fractions smaller than
0.32 um particle diameter and daytime peaks occurring in larger
size fractions. The diurnal pattern for these elements once again
reflects the presence of emission sources close to the sampling
location that dominate concentrations during the night. The fact
that this diurnal trend is not observed at every location for ev-
ery element reflects the fact that the corresponding emissions
sources are not in the nighttime zone of influence for each site.
Inhalation exposure studies should recognize these zones of
influence during the meteorological conditions when exposure
occurs.

Sb at Modesto was the only element detected in the cur-
rent study that displayed a diurnal pattern where the average
nighttime particle size distribution peaked at larger diameters
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(1.0-1.8 um) than the average daytime particle size distribution
(0.32-0.56 pm). The reason for this trend is unknown, but one
possible explanation is that the dominant sources of antimony
during the daytime and nighttime are different.

Correlation Coefficient Analysis

Tables 2 and 3 tabulate the correlation coefficients for each
combination of PM size distributions illustrated in Figures 3
and 4. Each correlation value reflects the similarity between
the shapes of two size distributions across 6 size bins. Perfect
agreement yields R? = 1.0 while no agreement yields R> = 0.0.

Table 2 illustrates that K and Rb are strongly correlated at
Modesto (R? > 0.99) suggesting that these elements exist in the
same particles (likely wood smoke). As, Cd, and Br size distri-
butions were also highly correlated with K and Rb. All five of
these species exhibited similar diurnal time trends (see Figure 1)
supporting the conclusion that they exist within the same group
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of PM. OC and EC size distributions correlated reasonably well
with K and Rb (R? ~0.98 day and ~0.96 night) suggesting that
wood smoke is a major but not exclusive source of OC and EC
at Bakersfield. Daytime S size distributions correlate strongly
with Bi and nighttime S distributions correlate with V. All three
of these species have been associated with the smelting of al-
loys and heavy fuel combustion used by industrial sources and
shipping. Ying et al. demonstrated that there was no significant
transport of off-shore ship emissions into the SJV during the
study period (Ying and Kleeman 2009). Therefore, the corre-
lation between S, Bi, and V may demonstrate the influence of
industrial sources on PM size and composition in Modesto. Bi,
S, and V did not exhibit diurnal variation as shown in Figure 1
supporting the notion that these species were not directly emit-
ted in Modesto but rather were transported to Modesto after
some aging time in the atmosphere.

Size distribution correlations at Bakersfield exhibit sim-
ilar trends relative to those at Modesto. A “wood smoke
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grouping” appears in the daytime and nighttime correlations,
with As, Cd, Br, K, and Rb all inter-correlated (R? > 0.95).
Figure 1 illustrates that these species also exhibit similar di-
urnal patterns further suggesting that they originate from the
same source. OC and EC once again appear to be highly (but
not exclusively) correlated with these wood smoke tracers. Size
distributions of S exhibit a stronger correlation to V in Bakers-
field than in Modesto, which may indicate that Bakersfield has
a stronger industrial source utilizing heavy fuel oil.

Deposition Patterns

The deposition pattern for the airborne particle trace ele-
ments measured in the current study within different portions
of the human respiratory system was estimated using the size
distributions illustrated in Figures 3 and 4 along with deposition

Particle Diameter, Iilp (um)

(Continued)

curves calculated by the Multiple Path Particle Dosimetry model
(MPPD2) (MPPD). This model estimates the regional lung de-
position patterns of a polydisperse aerosol over several orders of
aerodynamic diameters and contains calculations derived from
multiple published sources (Kuempel et al. 2006). The model
assumes a breathing rate of 12 breaths/minute and a tidal vol-
ume of 625 mL. MOUDI size distribution data were combined
with the MPPD model results to obtain size resolved chemical
deposition fractions and summed to give integrated chemical
deposition fractions. These MOUDI-derived integrated chem-
ical deposition fractions were compared to bulk PM, g filter
measurements to determine if size-resolved chemical specia-
tion data were necessary to estimate regional lung deposition
patterns. The analysis indicates that all trace elements have very
similar respiratory deposition patterns. Averaged across all PM
species, sites, and times, 32 &= 11% of the PM | § component mass
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diagonal) and at night (below the diagonal)

TABLE 2
Correlation coefficients (R?) for particulate matter component size distributions measured at Modesto during the day (above the
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As Cd Bi Br Fe S Sb Tl K A% Rb Mn CI NO3 SO4 OC EC
As 1 099 089 098 074 092 091 092 100 096 099 0.68 0.60 0.79 0.89 097 0.97
Cd 1.00 1 092 099 071 094 094 090 099 097 099 069 055 084 093 097 097
Bi 0.70 0.71 1 093 063 099 09 087 0.89 084 09 077 062 096 099 090 0.88
Br 098 098 0.81 1 078 096 095 095 099 095 099 080 064 086 093 099 0.98
Fe 037 041 0.84 0.51 1 075 075 084 079 079 079 078 082 065 065 075 0.73
S 0.87 087 094 094 0.70 1 098 092 093 089 094 0.82 0.69 096 099 093 0.90
Sb 0.83 085 095 091 0.79 097 1 0.85 093 090 093 076 0.62 096 0.97 094 0091
Tl 095 094 082 095 053 091 0.86 1 093 087 094 087 080 0.77 0.85 092 0091
K 099 099 062 095 032 081 077 094 1 097 1.00 0.71 063 0.81 0.89 098 0.98
\Y% 090 091 090 096 0.62 098 096 090 0.85 1 096 0.65 052 079 087 092 092
Rb 099 098 0.62 094 032 080 076 094 1.00 0.84 1 075 0.65 0.82 090 0.98 0.98
Mn 0.67 0.69 098 079 091 092 097 0.77 0.60 0.89 0.60 1 079 074 0.73 0.78 0.75
Cl 098 098 080 1.00 050 093 091 094 095 096 094 0.79 1 0.60 0.60 0.62 0.60
NO3 074 0.76 098 085 0.82 096 098 081 0.67 094 0.66 0.99 0.85 1 097 0.82 0.78
SO4 083 084 096 092 072 099 098 088 0.76 098 076 095 092 0.98 1 0.89 0.86
oC 096 096 072 097 047 088 0.87 091 094 089 094 0.73 098 0.78 0.85 1 1.00
EC 097 096 072 097 046 0.88 0.86 091 094 08 094 0.73 098 0.78 0.85 1.00 1

deposition occurs in the pulmonary region, 61 + 23% occurs
in the respiratory region, and 6 =+ 2% occurs in the tracheo-
bronchial region. The consistency of these results suggest that
if different PM; g chemical components illicit specific health
effects, it is likely due to the direct influence of the chemical

species, rather than substantially different deposition patterns in
the respiratory system.

The deposition totals in each region of the lung calculated
for different sampling locations and time periods were corre-
lated against the corresponding PM1.8 filter measurements. As

TABLE 3
Correlation coefficients (R?) for particulate matter component size distributions measured at Bakersfield.during the day (above
the diagonal) and at night (below the diagonal)

As Cd Bi Br Fe S Sb Tl K A% Rb Mn CI NO3 SO4 OC EC
As 1 097 094 096 090 091 092 083 099 084 1.00 098 090 083 091 096 097
Cd 0.98 1 099 095 088 092 093 090 097 088 097 098 093 083 090 098 0.99
Bi 0.76  0.85 1 091 088 08 09 094 094 084 095 095 088 0.78 0.85 0.96 0.96
Br 097 095 0.79 1 077 099 098 0.73 098 096 098 094 097 095 099 0.99 098
Fe 094 0.88 0.63 0.86 1 069 075 089 086 059 0.87 093 070 057 0.67 0.80 0.82
S 0.88 0.87 081 0.97 0.78 1 098 068 095 099 095 091 098 097 099 098 0.97
Sb 092 088 072 097 0.85 0.97 1 0.70 094 096 094 094 095 097 098 0.97 0.95
Tl 041 053 077 046 034 052 034 1 0.80 062 082 085 070 051 0.62 0.81 0.83
K 096 099 082 091 0.85 0.81 083 050 1 0.89 1.00 097 094 087 094 098 098
\Y% 080 0.77 0.71 092 0.69 098 096 037 0.71 1 089 0.84 097 097 098 095 093
Rb 095 099 083 091 084 081 083 052 1.00 0.71 1 098 093 0.87 094 098 099
Mn 094 089 069 094 096 090 096 036 0.84 086 0.83 1 0.89 0.83 0.89 095 0.96
Cl 094 091 071 099 082 095 097 035 089 092 0.88 091 1 093 096 098 0.97
NO3 0.78 0.73 064 090 0.68 095 096 027 067 099 0.67 0.85 0091 1 098 091 0.89
S04 085 079 0.67 094 073 097 097 030 074 099 073 0.88 0.96 0.99 1 0.96 0.95
oC 083 090 085 087 0.62 084 080 057 091 077 092 0.69 0.87 0.73 0.76 1 1.00
EC 095 099 086 093 083 0.85 085 057 099 075 1.00 0.84 090 071 0.77 094 1
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expected, the slope of the regression line was different for each
chemical component in each region of the respiratory system.
More importantly for epidemiological studies, the correlation
between lung deposition vs. PM1.8 measurements was very
high (R? >0.99) for each component. This finding suggests that
the information provided by bulk PM, g filter measurements
would be adequate to represent exposure for epidemiological
calculations within the short three-week episode considered in
the present study. Most epidemiological studies are carried out
over far longer time periods, and so further measurements are
needed to confirm that trace component concentrations mea-
sured on PM; g filters are highly correlated with deposition pat-
terns in each region of the respiratory system over longer time
periods.

DISCUSSION

The patterns apparent in the measured trace component PM
size distributions have several implications for the design of
toxicological and epidemiological studies related to airborne
particulate matter in central California.

S and V size distributions are highly correlated with lit-
tle diurnal variation suggesting that inhalation exposure and
epidemiological studies can choose exposure/analysis times of
several days during which population exposure will be relatively
uniform when stagnant winter conditions exist. In contrast, the
size distribution and temporal patterns of Fe are highly vari-
able at both Modesto and Bakersfield possibly due to changing
meteorological conditions such as wind speed and soil distur-
bance. This suggests that Fe must be measured with higher
time resolution in order to provide accurate exposure estimates
during health effects studies. This is especially important for
the PMy ; size fraction because particles in the ultrafine range
are more likely to induce oxidative stress than fine or coarse
particles (Li et al. 2003). Inhalation exposure and epidemio-
logical experiments must account for the possibility that av-
erage concentrations over consecutive multi-day periods may
be similar but short term concentration peaks can occur during
exposure/analysis periods which may lead to different health
outcomes.

K and Rb exhibit a distinct diurnal pattern with greater con-
centrations and smaller sizes at night which is a trend consistent
with fresh wood smoke emissions during the evening hours. This
general pattern applies for all combustion sources during stag-
nant winter conditions in central California. Inhalation exposure
or epidemiological studies using nighttime exposure/analysis
periods will therefore be able to consider the health effects
of fresh combustion aerosol while studies carried out during
daytime hours will be able to consider the health effects of
aged combustion aerosol. The different chemical composition
of these particles could yield different health effects which is a
feature that could be explored in future studies.

Many other elements have concentration patterns that reflect
changing zones of influence as meteorological conditions vary

W. A. HAM ET AL.

at each sampling location. Periodic emissions from local smelter
operations may play a role in trace metal concentrations as ev-
idenced by the variable emissions of As, Bi, Cd, Mn, and TI.
All of these metals are common alloy constituents and cause
adverse health effects when inhaled. Modesto is home to a large
aluminum secondary smelter (~5 miles away from the sample
site) as well as tire and waste incinerators (<10 miles away).
Bakersfield is home to a ferrous metal salvage and smelting fa-
cility (~6 miles away from the sampling site). Diurnal particle
size distributions and representative time traces must be mea-
sured to characterize exposure to the elements released from
these facilities.

All of the trace elements examined in the current study
occur naturally in the earth’s crust leading to background dust
size distributions that should increase with airborne particle
aerodynamic diameter (mechanical abrasion processes typically
produce larger particles). Anthropogenic combustion sources
enhance trace element concentrations in the size range below
1 um that will penetrate more deeply into the human respiratory
system. The dominance of size distributions that peak below
1 um in the current study strongly suggests that the majority
of the PM trace elements originate from anthropogenic sources
during severe winter stagnation events. Inhalation toxicology
experiments that employ the trace elements identified in the
current study should generate the particles with an appropriate
flame combustion system.
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