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Abstract. Indoor and outdoor water soluble trace elementsmay be due to the fact that in the Los Angeles basin (and
(TEs) were analyzed on quasi-ultrafine (UF), accumulation,in general in the Western US) Bl includes a number of
and coarse PM filter samples collected at four retirementsemi-volatile labile species, such as ammonium nitrate and
communities, three located in the San Gabriel Valley andseveral organic compounds, which volatilize either entirely
one in Riverside, CA. Our analysis indicates that a com-or to a substantial degree upon building entry.
plex mix of vehicular, industrial, and soil-related emissions
was responsible for the elemental concentrations measured
at the three San Gabriel sites, while regional transport, soiéL .

. ! : Introduction
re-suspension and, to a lower degree, local traffic contribute
to TE levels observed in Riverside. In the quasi-UF mode
the magnitude of indoor/outdoor concentration ratios (1/O)
for elements of anthropogenic origin was highly variable, re-

flecting the spatial heterogeneity of combustion sources irlween 0.25 and 2.5m) and adverse respiratory and cardio-

the study area. Indoor/outdoor ratios in accumulation mOdR/ascuIar effects (e.g., Pope and Dockery, 2006). Correlations

P.M were closerto 1, and more homqgene_ou_s across_snes, "Setween adverse health effects and specific PM characteris-
dicating that elements associated with this size fraction pen o (particle size and number concentration, for example)

etrate indoors with high efficiencies. The lowest overall_ /0 and several chemical components (including trace elements;

stent with the fact that onl Il vorti f S'I'Es) have also been reported (Burnett et al. 2000; Saldiva et
consistent wi € fact that only a small portion o coarseal.’ 2002; Delfino et al., 2008). Many transition metals were

outdoor PM infiltrates indoors. The potential of S and Otherdesignated as “hazardous air pollutants” under the 1990 US

TEs to serve as tracers of indoor-penetrated particles of OUts1aan Air Act Amendments, and manufacturers are required

door origin was also examined. Our results suggest that using) provide emissions data for numerous metals as part of the
the I/O ratio of S (I/@) as a surrogate of the infiltration fac- Toxics Release Inventory. Species such as As, Cd, Co, Cr

tor for PMy 5 [Finf(PM2.5)] might lead to an overestimation Ni, Pb, and Se are human or animal carcinogens even in trace

Of. the indoor PM 5 or|g|n'at|ng qutdoors. 'Th|s IS n contr.ast amounts (ATSDR, 2003). Cu, Cr, and V have been shown to
with what was reported in previous studies conducted in the

, . generate reactive oxygen species that can contribute to ox-
Eastern US, where S has been consistently used as a rehab? Y9 P

tracer of outdoor PMls infiltrating indoors. Our differences Gative DNA damage (Dreher etal., 1997; Nel, 2005).
u s 1Nl Ing | - ural Trace elements are emitted outdoors from both natural and

anthropogenic sources (e.g. crustal material from road dust,
construction activities, motor-vehicle emissions, tire/brake

Correspondence tcC. Sioutas wear, coal and oil combustion, and incinerators). For this rea-
BY (sioutas@usc.edu) son, the most abundant TEs are generally grouped into two

'Numerous epidemiological and toxicological studies have
found significant associations between exposure to ambient
fine particulate matter (Pp%; aerodynamic diameter be-
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major groups, namely earth crust/soil-related tracers, and arproject whose goals are to investigate the effects of microen-
thropogenic tracers. Species such as Si, Na, Al, K, Mg, Cayironmental exposures to PM on cardiovascular outcomes
Fe, Ti and Mn comprise the majority of the Earth’s crust el- in elderly retirees affected by coronary artery disease. The
ements, S, Cr, Ba, Mo, Zn, Pb, and Cu are typically releasednain indoor and outdoor sources of these species and their
from motor-vehicle emissions and lube oil combustion, Fe,infiltration behavior were also examined. Our results will be
Pb, and Zn also originate from municipal waste incinera-used by the CHAPS investigators to evaluate the relationship
tors, while V, Ni, and Zn are present in industrial wastes (Ni between human exposure to indoor and outdoor TEs from
and Zn), heating oil and bunker-fuel combustion from marinedifferent sources and adverse health effects observed on the
vessels (V and Ni). However, most of the above-mentionedstudy subjects.
TEs have multiple overlapping potential sources from in-
dustrial, transportation, combustion and other anthropogenic
processes (Claiborn et al., 2002; USEPA, 2004; Thurstor?2 Methods
et al.,, 2005; Adgate et al., 2007). Although many stud-
ies have demonstrated that most indoor TEs in urban area2.1 Study design
are of outdoor origin, several indoor sources may contribute
substantially to indoor elemental concentrations (e.g. smokThe physical and chemical characteristics of indoor and out-
ing, cooking, space heaters, and re-suspension; Weschlgloor quasi-ultrafine (quasi-UF), accumulation, and coarse
and Shields, 1997; Weschler, 2004). Whereas informatiorPM (here defined as particles with aerodynamic diameters
on ambient concentrations of individual TEs associated withless than 0.25, between 0.25 and 2.5, and between 2.5 and
PM,s and PMg is widely available, there is dearth of data 10um, respectively) were studied at four different retirement
regarding their corresponding indoor concentrations. communities of the Los Angeles basin between 2005 and
Because people spend80-90% of their time indoors 2007. Three of these communities were in the San Gabriel
(Klepeis et al., 2001), and outdoor particles can enter thevalley, CA (hereafter referred to as sites San Gabriel 1, San
building envelope by convective flow (e.g., open windows) Gabriel 2 and San Gabriel 3) and the fourth in Riverside, CA
or by diffusional flow/infiltration (e.g., cracks and fissures), (SG1, SG2, SG3, and RIV, respectively). Site San Gabriel 1
a significant part of their personal PM exposures occurs invas~50 Km east of downtown Los Angeles, in a residential
indoor environments. The contribution of outdoor PM to in- area,~3 Km away from major freeways. Site San Gabriel 2
door concentrations and personal exposures depends on thés~8 Km east of Los Angeles;-300 m south of a major
“infiltration factor” (Finf; the equilibrium fraction of outdoor ~ freeway, while site San Gabriel 3 wa$5 Km east of down-
PM that penetrates indoors and remains suspended; Long &Wwn Los Angeles;-2.5 Km away from 2 busy freeways and
al., 2001), which has typically been estimated using sulfurin close proximity (less than 150 m) of a major street. The
(S) as a marker of indoor-infiltrated particles of outdoor ori- Riverside site was the furthest from downtown Los Angeles

gin (Sarnat et al., 2002). In the absence of indoor sources of~110 Km east) and-15 Km southeast of downtown River-

sulfur: side. The closest freeway and a major street we3eand 1
Km away, respectively, and downwind of the site.
Finf = Sin/Sout 1) To study the seasonal variations of indoor and outdoor

size-segregated PM and its chemical components, two 6-
where, $ and Syt are the sulfur concentrations indoors week sampling campaigns were conducted at each location.
and outdoors. However, S data provides only informationPhase 1 (hereafter referred to as P1) of each campaign was
for particles with similar penetration and deposition behav-conducted during the warmer season (including summer and
ior, and reactivity (Wallace and Williams, 2005). For ex- early fall), whereas phase 2 (P2) was conducted during the
ample, at locations where the relative contribution of semi-cooler season (i.e. late fall and winter). Site San Gabriel 1
volatile species, such as ammonium nitrate and several omwas operated from 07/06/2005 to 08/20/2005 (P1) and from
ganic groups, to the ambient B mass is substantial (like 10/19/2005 to 12/10/2005 (P2); sampling at site San Gabriel
in the western US) the use of equation (1) might lead to an2 was conducted from 08/24/2005 to 10/15/2005 (P1) and
overestimation ofin (PM2 5), because sulfur is a stable/non- from 01/04/2006 to 02/18/2006 (P2); site San Gabriel 3 was
volatile compound. Trace elements other than S (e.g. Ni)run from 07/05/2006 to 8/17/2006 (P1) and from 10/18/2006
might serve as a more accurate surrogate for outdoor infilto 12/01/2006 (P2); sampling at site Riverside was carried
trated PM for some of the smaller particle size intervals and,out from 8/23/2006 to 10/13/2006 (P1) and from 01/04/2007
in general, for size-fractionated PM (Long and Sarnat, 2004)to 02/16/2007 (P2).

In this study, we characterized the relationships between Two identical sampling stations were installed at each site,
size-fractionated indoor and outdoor concentrations of 17one indoors and one outdoors. The indoor sampling station
water soluble TEs measured at four retirement communitiest site San Gabriel 1 was located in a recreational area of the
of the Los Angeles basin during the Cardiovascular Healthfirst community’s main building, adjacently to a construc-
and Air Pollution Study (CHAPS), a multi-disciplinary tion site where work was ongoing. The indoor sampling area
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at site San Gabriel 2 was situated in the dining room of theparticulate species at times with no indoor particle sources.
community’s central building, while the indoor station at site This was done at each of the four sites.

San Gabriel 3 was set up in a recreational area of the main Assuming an exponential decay of particles, constant val-
retirement community complex, adjacent to a gym and to arues for AER and outdoor concentrations during the decay
activity room. The indoor sampling area at the Riverside siteperiod, and that indoor concentrations are well mixed, the in-
was located in the hallway of the main building with a dining door concentration of CO after tim&C,) may be expressed
room, activity room and numerous apartment units nearbyin the following form:

At all 4 sites, the outdoor station set-up inside a movable

trailer was positioned within 300 m from the indoor station. /nC; = —(AER + k)t 4+ [nCo 2
A more detailed description of the epidemiologic study de- ) ) ) _ o
sign can be found in Delfino et al., 2008. where, is the decay period considered is the initial peak

CO concentration (right after CO emission) dnd the in-
door loss rate for particles or gasesth Sincek is rather
negligible for CO, it was possible to estimate AERs directly

from Eq. (2) by regressintiC; overinCy.
|r;d|gor_slndc ogtdoc')vrl co .fvis vlvere m‘iﬂasngdSObg8 mgans The infiltration factor §i.s; Long et al., 2001) is described
of Dasibi Carbon Monoxide Analyzers (Mode , Da- by the following equation:

sibi Environmental Corp, Glendale, CA) in 1-min inter-
vals. Hourly indoor and outdoor PM mass concentra- Fint = P(AER)/(AER + k) A3)
tions were measured using Beta-Attenuation Mass Monitors
(BAM, Model 1020, Met One instruments Inc., OR), while \yhere, P is the penetration coefficient (dimensionless). It
size-segregated indoor and outdoor PM samples were colaries with particle composition, size and volatility, surface
lected daily from Monday to Friday by means of Sioutas to volume ratio of the indoor sampling location and indoor
Personal Cascade Impactors (SKC Inc, Eighty Four, PAjair-speedFs for PM, 5 was estimated from the correspond-
Misra et al., 2002; Singh et al., 2003). Coarse, accumulaing indoor/outdoor concentration ratios (hourly BAM mea-
tion, and quasi-UF mode PM were sampled on Zeflugi8  surements) at times when no indoor particle sources, such
pore-size, Pall Life Sciences, Ann Arbor M) filters. The PM as cooking or cleaning, were likely to be present (i.e. only
mass concentration was determined from the gravimetricalvhen 1/O ratios<1 were observed). Dailyi, estimates
analysis of the Zefluor filters using a microbalance (Mettler-were then obtained by averaging these segregated hourly I/O
Toledo, Columbus, OH; weight uncertainty21g). For  ratios. MeanF,; for each retirement home and phase of the
more details about all integrated and continuous instrumentstudy were also determined by averaging the corresponding
deployed during the sampling campaign to collect/measurejaily values.
particle and gaseous data see Polidori et al., 2007.

Filter samples were composited weekly (including 5 daily ) ,
collected samples), and analysed using Gas Chromatogres Results and discussion

phy/Mass Spectrometry (GC/MS) and an Inductively Cou- .
pled Plasma Mass Spectrometer (ICP-MS) to determine in—3'1 Indoor and outdoor elemental composition

door and outdoor concentrations of 92 organic compoundsrpje 1 provides geometric meansstandard deviation) of

and 52 trace elements, respectively (Herner et al., 2006;6¢k1y averaged indoor and outdoor concentrations of se-

Stone et al., 2008). A complete characterization of the 0l ectaq TES measured at the 4 retirement communities dur-
ganic compounds measured indoors and outdoors can Wﬁg CHAPS (i.e. S, Fe, Na, Al, Mg, Ba, Cu, and Zn).

found in Arhami et al. (2009) and it will not be discussed Data were segregated by size-fraction (quasi-UF, accumu-

2.2 Sampling and chemical analyses

here. lation, and coarse PM modes), site (SG1, SG2, SG3, and
_ RIV), and season (warmer, W, and the colder, C). All re-
2.3 Data analysis ported measurements were corrected for the correspond-

ing field blank values and were above their detection lim-
In order to match all continuous measurements to the correits. A complete summary table, including concentrations
sponding filter based data, only daily averages of the concuref the 17 most abundant elemental species detected dur-
rently measured Plt (BAM) and CO concentrations were ing this study and discussed throughout this manuscript
considered. Because one of the aims of this study is to evalfi.e. Na, Mg, Al, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu,
uate the effects of outdoor air pollutants on indoor exposureZn, Mo, Ba, and Pb) is reported in the Supplemental Infor-
we estimated air exchange rates (AER) from CO measuremation (Table Sittp://www.atmos-chem-phys.net/9/4521/
ments during periods affected by a dominant indoor source2009/acp-9-4521-2009-supplement)pdflost of these TEs
(Abt et al., 2000) and determined infiltration factogyf), were consistently present in both indoor and outdoor sam-
which are key determinants of the indoor concentrations ofples and, generally, the sum of their concentrations tracked
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Table 1. Geometric means (ngfestandard deviation) of indoor (IN) and outdoor (OUT) weekly concentrations for selected trace elements
at the 4 retirement communities during CHAPS. Data were segregated by site and by season (warmer, W, and the colder, C). The 3 Sar
Gabriel Valley sites and the site in Riverside have been denoted as SG 1, SG 2, SG 3, and RIV, respectively.

| Na | Mg | Al | S | Fe | Cu | Zn | Ba
SG1|441 + 15|191 + 26|966 + 243533 + 14]1650 + 31[353 + 14[869 =+ 13 |441 =+ 17
$G2|307 + 16|172 + 15|745 + 193530 + 12|618 + 26[330 + 15|512 + 38 |245 =+ 19
W sG3|NA + NA|NA = NA|[NA + NA|2046 = 15|79 + 43|062 = 25[231 =+ 13 |[NA = NA
RIV |32 + 24|49 + 254156 + NA |2992 + 13|751 <+ 14|506 + 20|567 =+ 18 |08 =+ 18
IN
SG1|435 4+ 23|76 + 61]427 + 641941 + 20|94 <+ 23[365 + 48|68 £ 18 [310 + 33
SG2| 114 + 23 |NA + NA|NA &+ NA|1450 =+ 119|415 + 15(331 + 25|502 =+ 18 |143 + 24
5 C sG3|208 =+ 17(33 + 211|284 =+ 14|1367 =+ 23|438 =+ 24147 + 23|655 =+ 17 |107 = 15
% RIV | 195 + 21|46 + 27|222 + 31|585 + 16|250 + 25|072 =+ 46|245 + 24 |093 =+ 15
<
2 SG1|608 + 25[243 + 65|2169 + 17 |4408 + 18| 171.8 + 24[549 + 19[951 + 14 [610 =+ 14
o SG2|747 + 16193 + 19|1331 + 19 3649 + 16|95 <+ 23|68 + 18|626 + 18 |497 =+ 21
W sG3|242 + 41|457 = NA|646 =+ NA|3410 = 19|434 =+ 34|219 = 36[220 =+ 47 |231 = 33
RIV |[558 4+ 17 |281 <+ 14|939 <+ 173010 + 171393 + 123|664 + 19|519 + 19 [413 + 15
out
SG1| 166 + 57|20 + 22[362 + 35|1421 + 116|673 + 34[325 + 32|49 =+ 15 [377 + 34
SG2| 141 4+ 25|46 4+ 31|293 + 53 |1350 + 117|677 + 39|454 + 22|58 + 19 367 + 25
C sG3|444 =+ 13|130 =+ 14|659 =+ 11|1542 =+ 15|1068 + 13|553 =+ 16|820 = 13 |334 = 16
RIV | 275 + 12|122 + 17462 + 19 |526 + 15|633 + 13|237 + 13304 =+ 21 |102 =+ 15
| Na | Mg | Al | S | Fe | Cu | Zn | Ba
SG1|1004 + 18279 + 16|702 + 1710973 + 15[918 + 16|336 <+ 15|1384 + 17 |58 =+ 15
SG2| 1521 + 17 |268 =+ 16 |225 + 14 |5033 + 118|917 + 11[499 =+ 12|702 =+ 12 |62l =+ 12
W sG3|1216 + 16| 186 = 14 |211 =+ 20|8451 = 16|1053 + 16|420 = 19[752 =+ 14 |245 = 13
RIV | 1014 + 16 |202 + 183|494 + 33 |2810 + 15|1051 + 16|558 + 19|51l + 19 |16l =+ 12
IN
SG1|853 4 18324 £+ 131104 + 133423 + 27|1725 + 14[520 + 13|1626 + 11 |1054 + 14
g SG2| 1154 + 20 |234 + 15|360 + 13|1830 + 20|1538 + 113|705 + 18|863 =+ 14 [805 =+ 15
E C sG3|702 =+ 16|146 =+ 15|389 =+ 13|1068 = 25|1608 + 21432 =+ 15|1866 + 13 |407 = 16
; RIV | 322 + 41|49 + 51|229 + 12|35 + 24|224 + 16|111 =+ 19240 =+ 13 |111 =+ 18
= SG1|1656 + 15431 =+ 13]991 + 1313974 + 13|1623 + 12|58 + 14[1909 + 14 [1206 + 12
Q SG2|290.2 + 21 |545 <+ 14|87 + 19796 <+ 17|1760 + 15|894 + 17|118 + 14 |1373 + 15
? W sG3|3853 + 17 (582 £ 16|6L6 + 15|11822 = 20|1235 + 13|435 = 12[1025 + 12 |744 = 13
RIV | 1589 + 12 |377 + 12|1270 + 174922 + 15|1354 + 15|402 + 20|683 + 15 (378 + 15
out
SG1|674 + 17[287 + 15[786 <+ 17[3097 <+ 25|1787 + 114|535 + 15|1250 + 13 |1338 + 13
SG2| 2048 + 18388 + 15|71 + 173324 <+ 23|2414 + 13(1080 + 13|1319 + 13 |1523 + 14
C sG3|850 =+ 15|233 =+ 13 |581 =+ 14 |2833 = 24|1235 + 13|443 + 12|1312 = 14 |792 =+ 13
RIV | 473 + 25 |136 + 20396 + 19 |721 + 23|50 + 15|191 + 14|465 =+ 18 |277 =+ 17
| Na | Mg | Al | S | Fe | Cu | Zn | Ba
SG1|61.7 + 16[252 + 16[776 <+ 15|623 + 27[803 + 17[163 + 17|323 =+ 28 |28 + 18
SG2|564 + 20|147 + 15|210 + 15|140 4+ 17|395 + 13|330 + 40|500 =+ 40 |18 =+ 13
W se3|73 + 20|19 £ 11|58 =+ 3435 + 22|111 + 15|097 + 118|036 + 156|026 =+ 1.9
RIV | 335 =+ 20|103 =+ 23333 + 27 |134 + 117|491 + 18|174 + 183|137 + 40 |097 =+ 18
IN
SG1|843 + 18[400 + 13| 1311 + 14 |535 + 18|131.3 + 13[310 + 21|68 + 22 625 =+ 14
SG2| 232 4+ 29|98 &+ 18|95 £ 43|67 + 24(35 + 15|317 + 31|248 £ 29 |195 + 18
w C se3|172 + 27|65 + 21|192 =+ 23|127 £ 17[300 =+ 20|18 =+ 23[170 =+ 16 |123 = 20
4 RIV | 295 + 238|160 + 138|534 + 11 |114 &+ 13|852 + 12|076 + 12198 + 13 |100 =+ 12
8 SG1|371.0 + 131207 + 133666 + 121736 + 16]431.2 + 12[927 + 12|78 + 13 |1879 + 12
SG2| 4971 + 191|952 4+ 141846 + 12 |1235 + 16|3293 + 13|1296 + 14|963 + 15 |2252 + 14
W sG3|4238 + 1.6|983 £ 13|1953 + 14 |1050 = 15|2563 + 114|775 = 13[472 + 16 |1413 = 13
RIV | 2194 + 12 |1080 + 14 |4180 + 115|757 + 20/4083 + 15|525 + 15|36l + 15 (932 + 16
out
SG1| 1120 + 22 |457 + 131244 + 114|453 &+ 19]2037 + 14|749 + 19|68 + 26 |1146 =+ 14
SG2| 2465 + 17 |607 + 14 |1482 + 14 |585 4+ 15|2905 + 15|1291 + 17905 + 21 |2023 + 15
C sG3|1883 = 17|793 =+ 151884 + 18 |523 = 14|2524 + 17|837 + 14|48 =+ 16 | 1465 + 16
RIV | 869 =+ 19391 + 141311 + 17 |218 + 20|1082 + 16|223 + 183|210 =+ 15 |357 =+ 16

the corresponding PM level well within each size-fraction examples of these “high” and “low” levels groups are shown
(Table S2). in Fig. 1. Sulfur was the element with the highest indoor
At all sites and during the course of the study, elementaland outdoor concentrations in the quasi-UF and accumula-
indoor and outdoor concentrations in all size-fractions weretion modes (especially in the warmer months), followed by
clearly divided in 2 groups based on their concentration. TheFe, Na, Al, and other soil-related species (Fig. 1a). Unusu-
most abundant species included Al, S, K, Ca, Fe, and Nally high indoor measurements of Al were obtained in the
(75-441, 65-1397, and 121-497 nd/rfor quasi-UF, accu- quasi-UF PM collected in Riverside; the reason for the ele-
mulation, and coarse mode PM, respectively), while Mg, Ti, vated indoor levels remains unclear, but it is likely that this
V, Cr, Mn, Ni, Cu, Zn, Mo, Ba, and Pb, were measured in species may have unknown indoor sources.
concentrations from 2 to 46 nghfyuasi-UF), 1 to 58 ng/fm At all sites, the outdoor concentrations of elements in the
(accumulation), and 1 to 23 ngnfcoarse). Representative accumulation mode (as well as those in quasi-UF and coarse
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Fig. 1la. Geometric mean indoor (IN) and outdoor (OUT) concentrations of the 17 most abundant trace elements detected at one of the
San Gabriel valley retirement communities (SG1) and in Riverside (RIV) in quaga))JBccumulatior(b) and coarségc) mode particles.
Data were reported for both the warmer and the cooler months (summer-early fall and late fall-winter, respectively). Vertical bars represent

standard deviations for each elemehS8D).

mode PM) was higher in the warmer periods than in theall retirement communities, outdoor quasi-UF S, Cr, Ba, Mo,
cooler months (Fig. 1b), which is reflective of advection and Zn, Pb and Cu were well correlated with each other (Spear-
local transport of TEs emitted mostly in the source areas ofman correlation coefficient, or R, ranged from 0.60 to 0.95;
western and central Los Angeles, located upwind of the studyp <0.05), suggesting a common origin, probably from vehic-
sites. Al, Fe, and Na were the most important elementalular sources and lube oil combustion. In Riverside, outdoor
components of coarse PM (Fig. 1c). Indoor and outdoor ele-quasi-UF V and Ni showed moderately strong associations
mental concentrations were typically lower during the cooler (R=0.69; p<0.05), confirming the presence of fuel oil com-
months compared to the warmer periods, probably becausbustion emissions in this area.

of lower wind speeds and wetter soil conditions, which tend
to limit re-suspension of TEs associated with this size frac-
tion.

Outdoor S in the accumulation mode was significantly
(p<0.05) correlated with Na, Mg, V, and Pb at the San
Gabriel sites, and Na, Mg, Al, V, Cr, Mn, Fe, Ni, Cu, and

Correlations among outdoor elemental concentrations arélo in Riverside, which suggests that most of these elements
consistent with the influence of three major outdoor sourceoriginate from a mix of mobile, industrial and other anthro-
types for these TEs: motor vehicle/combustion emissions, repogenic combustion sources. In addition, outdoor S was
suspended soil dust, and regional transport. For example, dtighly correlated with Ni, especially in Riverside (R=0.91;

www.atmos-chem-phys.net/9/4521/2009/ Atmos. Chem. Phys., 9, 45362009
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Fig. 1b. Continued.

p<0.0001); this is consistent with regional transport of fossil 3.2  Indoor/outdoor elemental ratios
fuel combustion as a source of both of these elements (Long
and Sarnat, 2004). According to Sardar et al. (2005), RiverFigure 2 shows median indoor/outdoor concentration ratios
side is a typical “receptor” site of pollutants emitted from the (1//O) for TEs measured at the combined San Gabriel val-
Los Angeles area. ley sites (SG) and in Riverside (RIV) both in the warmer
and in the cooler seasons. Regression slopes (S) and Spear-
man correlation coefficients (R) for the corresponding in-
door/outdoor correlations are also reported. In the quasi-UF
mode (Fig. 2a), the magnitude of I/O, S and R values for
Consistent with our expectations, outdoor species inTEs of both crustal and anthropogenic origin was highly vari-
coarse mode PM associated with re-suspended soil dust su@ble. This likely reflects the spatial heterogeneity of combus-
as K, Mg, Al, Ca, Ti, Fe and Mn were highly correlated with tion sources, such as motor vehicle emissions, the relatively
each other both at the San Gabriel sites and in Riversideshort atmospheric residence time of this size fraction, and
with Spearman correlation coefficients ranging frefd.7to  the fact that changes in home characteristics, such as sur-
0.99 (p«0.05). Moreover, statistically significant correla- face/volume ratio, air exchange rates, and ventilation condi-
tions (~0.40 to 0.85;p <0.05) were observed at all locations tions might have different effects on indoor elemental con-
among outdoor Ni, Zn and Fe (three elements with potentialcentrations at different retirement communities. The 1/O ra-
industrial sources), especially in the coarse mode. An analtio of Cr in Riverside (cooler season) was particularly high
ysis of the correspondent outdoor-indoor Spearman correlag2.32), suggesting the presence of a potential indoor source
tions coefficients showed that most of the TEs found indoors(e.g. Cr is present as a pigment in paints and paint sprays;
were of outdoor origin. Additional details about the influence http://oehha.ca.gQv
of outdoor sources on measured indoor TEs concentrations Indoor/outdoor ratios, S, and R data in accumulation
are reported in the following sections. mode PM were more homogeneous across sites and their
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Fig. 1c. Continued.

magnitude showed a lower variability among TEs (Fig. 2b). slightly higher than 1 [I/Q, (Riverside)=1.35; /@, (San
As expected, most I/O values were closer to 1, indicatingGabriel)=1.15], indicating the presence of a potential indoor
that elements associated with particles in this size fractiorsource of these 2 elements (Fig. 2b). This is somewhat puz-
penetrate indoors with relatively high efficiencies and remainzling because Zn (typically found in particles smaller than
suspended. Slope and R values were also higher than thoge5.m) is mostly emitted from anthropogenic sources such
observed in Fig. 2a, especially for TEs of anthropogenic ori-as fossil fuel combustion, although it has also been found
gin, confirming that a significant fraction of their indoor con- in cigarette smoke (Jones et al., 2000). Although always
centrations can be attributed to infiltration of outdoor parti- statistically significant §<0.05), R values associated with
cles. Similar results have been observed in several other studFEs in accumulation mode particles are generally lower than
ies conducted both in the United States (Geller et al., 2002those reported in other publications (Long and Sarnat, 2004;
Long and Sarnat, 2004; Adgate et al., 2007) and around thdanssen et al. 2005, Adgate et al. 2007), probably be-
world (Chao et al., 2002; Janssen et al., 2005; Wang et al.cause the AERs at the four retirement communities were rel-
2006). In the warmer months, comparable 1/0 data for mostatively low (average AERs varied from 0.25 to 0.4Ghn
elements were observed at the San Gabriel valley and ththe warmer seasons and from 0.26 to 0.383m the colder
Riverside sites, while ratios were somewhat smaller in River-seasons; Table 2). The low AERs estimated in this study
side during the cooler periods. This suggests that at this siteare consistent with the structural characteristics of the sam-
the relative contribution of crustal elements to the total mea-pling locations (two recreational areas, a dining room, and
sured outdoor TEs concentration was higher from mid fall toa hallway; all well insulated environments), the low number
late winter, because soil-related material does not penetratef open windows and doors, and the presence of central air
indoors very efficiently. conditioners (Polidori et al., 2007).

The 1/O ratios of Cu in Riverside (warmer season) and The lowest overall I/O ratios and S data were obtained for
of Zn at the San Gabriel valley sites (cooler season) werecoarse mode particles (Fig. 2¢), which is consistent with the
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(SG) and in Riverside (RIV) in quasi-Ug), accumulation(b) and coarséc) mode particles. 1/O, regression slopes (S), and Spearman
correlation coefficients (R) data are reported for both the warmer and the cooler months (summer-early fall and late fall-winter, respectively).

O Riverside

eorqd 2B=—=

Vertical bars represent standard deviations for each elemSiD).

Accumulation - Warmer Season

C—3SG-R
3 Riverside - R
0 SG-S
o Riverside - S

25
2.0 -
1.5

Meadian 1/0 Ratio

Quasi-UF - Cooler Season

1 SG-R

2.0
1.5 4

Rand S

3 Riverside- R
o SG-S
0 Riveside- S

2.5
2.0 -

Meadian 1/0O Ratio

0.0

f@@M@@!M

B0l qd E=—1

Accumulation - Cooler Season

3 SG-R

C— Riverside-R
o SG-S
0 Riverside - S

0.0

Fig. 2b. Continued.

OSG  ORiverside

il

Atmos. Chem. Phys., 9, 4524536 2009

[e101 qd

www.atmos-chem-phys.net/9/4521/2009/

12101 qq |



A. Polidori et al.: Relationships between size-fractionated indoor and outdoor trace elements 4529

Coarse - Warmer Season Coarse - Cooler Season
2.0 C—1SG-R = 2.0 —1SG-R
[/ Riverside - R 15 A — Riverside - R

1.5 o sG-S . o so.s .
0l 1.0 4 © Riverside -3 ol 1.0 - o Riverside-$
2 2
S s
@ @

2.5 4

2.5 4
2.0 4

Meadian 1/0 Ratio
Meadian 1/0O Ratio

2.0

L5 15

1.0 - Jﬂ I'OL

0.5’ 05,

00 aﬁﬁﬁlﬁﬁﬁgﬁ ﬂ:ﬁﬂ lﬁ 0o @%
H<0gTzoN zgzo7

zgz2RQ

®oLaqd Eg+

OSG O Riverside

el B
oL ad ==y

Fig. 2c. Continued.

Table 2. Air Exchange Rates (AERS) Infiltration factors for fine PM (Finf(P8)) estimates at the four retirement homes during CHAPS.
AERs were determined using CO measurements during periods affected by a dominant indoor source, while Einf(@# calculated
from indoor/outdoor BAM data at times when no indoor PM sources were present (i.e. (indeg/®Ntloor PM 5)<1).

AER, h™1 Fint
(meantSD) PMo 5
San Gabriel1 0.25 £ 0.04 0.52
San Gabriel2 0.28 £+ 0.06 0.45
Phase 1 (summerand fall) g5 Gapriel3  0.40 + 012 0.42
Riverside 0.21 + 0.06 0.49
San Gabriel1 0.33 £ 0.07 0.52
) San Gabriel2 0.31 £ 0.10 0.38
Phase 2 (fall and winter)  gan Gapriel3 026 + 0.08 0.57
Riverside 0.31 + 0.09 041

fact that only a small fraction of coarse outdoor particles in-sites. Cleaning, dusting, washing, vacuuming, and other in-
filtrates indoors. Coarse PM, mostly from soil-related ma-door activities have been shown to affect indoor coarse PM
terial, has also high deposition velocities, which contribute concentrations through particle generation and re-suspension
to lowering the 1/O ratio of elements bound to this particle (Weschler and Shields, 1997; Weschler, 2004). The I/O ra-
size range (Abt et al., 2000). During the warmer seasonstios of Ni and Zn in Riverside during the cooler season were
I/0 values for all reported TEs were 0.08-0.35 at the Sarrelatively high (I/Qyi=1.36; 1/O:n=1.13; Fig. 2c), indicat-
Gabriel sites [average I/O (San Gabriel)=0t1B08] and  ing the presence of a potential indoor emission of these 2
0.09-0.56 in Riverside [average I/O (Riverside)=0tB415], elements. The major source of indoor exposure to Ni and
while slightly higher values were observed in the cooler pe-Zn is tobacco smoke (unlikely, in our case), wood smoke,
riods, probably because of increased indoor activities relateduspended soil particles, and cooking (for Zn only). Stud-
to the higher amount of time spent indoors in that period.ies have shown that indoor concentrations of coarse particle-
The low R values €0.4 for most TES) associated with this bound Ni often exceed outdoor concentrations in several Cal-
size fraction are probably due to differences in the build-ifornia homes lfttp://oehha.ca.gQv

ing tightness and indoor ventilation conditions, and to the

variable influence of indoor sources across the four sampling
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3.3 Emission factors and source contributions V/Ni ratios in fine (quasi-UF + accumulation) mode particles
tracked each other well and were always higher than 1.5 (val-
Figure 3 shows indoor and outdoor size-fractionated Up-ues ranged from 1.69 to 10.51 at the San Gabriel valley sites
per Continental Crust (UCC) enrichment factors (EFs) (Ntzi- and from 3.40 to 6.85 in Riverside), highlighting the impor-
achristos et al., 2007) for the 17 most abundant TEs measuregince of fuel oil combustion emissions from vehicular and
at the four retirement communities during the warmer and theindustrial sources.
coo!er seasons. The conc_entration of eacr_l element was nor- tha indoor and outdoor EF profiles in each size frac-
malized to Al and then divided by the relative abundance of

: i . tion were very similar both at the San Gabriel valley sites
the same species over Al in UCC (Arhami et al., 2008).

and in Riverside, suggesting that at all retirement communi-
ties the PM composition was influenced by a similar natu-
EF = (X/ADair/ (X/ADucc (4)  ral/anthropogenic source mix. However, the magnitude of

_ . these profiles were slightly lower in Riverside than at the
where, (X/Alir and (X/Aljycc are concentration ratios be-  gan Gapriel valley homes (in all size fractions), suggesting
tween element X and Al in the air and in the UCC, respec-, higher relative contribution of TEs of crustal origin at that
tively. For each individual element, values close to 1 suggestite ~ This is a reasonable outcome, because the retirement
a crustal origin, while much higher EFs indicate emission .ommynity in Riverside is the furthest from downtown Los
from an anthropogenic source. Angeles 110 Km east), it is located in a hon-densely pop-

~ In each size fraction, the grey region represents the arég|aied/remote area, surrounded by a desert, where the in-
including the average EFs calculated at the three San Gabrig,ence of anthropogenic sources (e.g. motor-vehicle emis-

valley sites (SG), while the solid triangles correspond to av-gjons) is not as important as at the three San Gabriel valley
erage EFs in Riverside (RIV). Indoor and outdoor emissioncommunities. Variations in the average indoor and outdoor
factors for most of the selected TEs were higher in the quasigrg for all TEs across the three San Gabriel valley sites were
UF and accumulation modes (Fig. 3a and b, respectively}ne |owest for quasi-UF and accumulation mode particles and

compared to the coarse mode (Fig. 3c), aszBNquasi-  highest for coarse mode PM, as indicated by the size of the
UF+agcumuIat|on particles) mostly originates from anthro- corresponding grey areas in Fig. 3a, b, and c, respectively.
pogenic sources. This is consistent with the higher spatial variability of coarse

_The lowest coarse mOd? EFswere obs<_arved for Na,_AI, Caparticles, whose concentrations decrease rapidly away from
Ti, Mn, Fe, and K, indicating that these airborne species argne emission source because of their relatively low residence
likely to be products of sea salt and re-suspended soil dustime and increased deposition velocity. By comparison, ac-
Higher EFs for S, V, Cr, Ni, Cu, Zn, Mo, Ba, and Pb were cymylation mode PM is influenced by contributions from
found in all size fractions, especially in the quasi-UF and poth |ocal emissions and aged particles transported from up-
accumulation modes, indicating that the majority of these el~ying regions. Hence their outdoor concentrations are typi-

ements are probably emitted from vehicular sources and Iub%a"y less variable within the same study area (e.g. the San
oil combustion (Chao et al., 2002; Wang et al., 2006; Ntzi- Gapriel valley).

achristos et al., 2007). Specifically, S (which exists mostly
as sulfate) is an oxidation product of sulfur dioxide and is
formed almost exclusively outdoors, Cu and Ba originate
from vehicle brake abrasion (Sanders et al., 2003; Sternbeck
et al., 2002), Zn is mostly a product of tire attrition (Singh
et al., 2003), V and Ni are present in fuel oil and natural gasAs pointed out by Long and Sarnat (2004), in order for a PM
combustion emissions (especially in Southern California), Pbcomponent to serve as an accurate tracer of ambient particles
is attributed to wheel weights and gasoline exhaust (Sternin indoor environments, this species must: (a) be present in
beck et al., 2002), while Ni, Zn and Fe are considered to besufficient quantities both indoors and outdoors, (b) preserve
good tracers of industrial sources (Long and Sarnat, 2004)its chemical characteristics after infiltrating the building en-
These results are consistent with those reported in other studrelope, (c) be characterized by insignificant indoor source
ies conducted both in the Los Angeles area (Ntziachristos etontributions, and (d) have similar penetration, deposition,
al., 2007; Arhami et al., 2008) and in other urban locationsand chemical properties as other outdoor PM constituents.
(Chao et al., 2002; Wang et al., 2006; Lin et al., 2005; Bir- Elemental species such as Ni, Zn, Fe and especially S, have
mili et al., 2006). The vanadium-to-nickel ratio (V/Ni) can been used or proposed as tracers of indoor infiltrated parti-
be used to distinguish between different emission sourcescles emitted / formed outdoors (Sarnat et al., 2002; Long and
In particular, ratios higher than 1.5 suggest that these twdSarnat 2004; Wallace and Williams, 2005). However, the
TEs originate from fuel oil combustion, values around 1 in- infiltration behavior of a “non-conservative” species such as
dicate the influence of industrial sources, and smaller ratio®M might not be properly captured using conservative trac-
indicate diesel and gasoline engine emissions (Isakson et alers, especially at locations where the contribution of volatile
2001; Lin et al., 2005). During CHAPS, outdoor and indoor and semi-volatile components (e.g. ammonium nitrate and

3.4 Elements as tracers of size-fractionated/indoor-
infiltrated outdoor PM

Atmos. Chem. Phys., 9, 4524536 2009 www.atmos-chem-phys.net/9/4521/2009/
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Fig. 3a. Indoor (IN) and outdoor (OUT) Upper Continental Crust (UCC) enrichment factors (EFs) for the 17 most abundant trace elements
detected at San Gabriel valley sites (SG; range is indicated by the grey area) and in Riverside (RIV; solid triangles) in a)astl-
mulation (b) and coarsé€c) mode particles. EF data are reported for both the warmer and the cooler months (summer-early fall and late

fall-winter, respectively).
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Fig. 3b. Continued.

several organic species) to the measured outdoor PM mass @oor sources (Jones et al., 2000). Following a methodology
substantial. that uses regression analysis and graphical displays (Sarnat et

In this work, we analyzed the elemental infiltration behav- &l., 2002; Long and Sarnat, 2004) we assessed the ability of
ior of S, Ni, Zn, and Fe, and their potential to serve as trac-the I/O ratios of S, Ni, Zn, and Fe to estimate corresponding
ers of indoor-infiltrated quasi-UF, accumulation, and coarse!/O ratios of quasi-UF, accumulation, and coarse mode PM

particles of outdoor origin. These four elements (with typ- (Fig. 4). Because a conventional linear least-squares regres-
ical mass median diameters of about 0.5+in®for S, Ni, sion assumes that there are uncertainties only in the depen-

Zn, and 3—4um for Fe, respectively; Milford and Davidson, dent variable, a Deming linear least-squares regression was
1985), were consistently detected in both indoor and outdoo#'sed instead, and the uncertainties inphf@action and 1/Org
samples at all four retirement homes, are known to be conwere considered in the calculations.

servative (Koutrakis et al. 1992), and have no significant in-
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Fig. 4a. Indoor/outdoor ratios (1/0O) for quasi-UR), accumulatior{b) and coars¢c) mode PM concentrations versus the corresponding /O
ratios for S, Fe, Ni, and Zn. In each panel the 1:1 line (black dotted) is compared to the corresponding Deming regression line (grey broken).
Regression slopes (S), intercept (1), and regression coefficients (R) are also included.

Figure 4a shows that none of the selected TEs was a rearound the center line). For accumulation mode particles,
liable tracer for indoor quasi-UF particles of outdoor origin our analysis indicated that 1/cumulationratios were gener-
(regression coefficients, R, varied from 0.10 for Ni to 0.56 ally well correlated with both I/@and 1/Qy; (R was 0.72 and
for Fe, indicating that most data-points were widely spread0.63 for S and Ni, respectively), their regression slopes were
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close to 1 (0.93 for S and 0.97 for Ni), and the correspond-4 Conclusions
ing intercepts, |, negligible or slightly negative (values were
—0.07 and-0.01 for S and Ni, respectively) (Fig. 4b). These Because most TEs are emitted from different anthropogenic
results suggest that using the §@itio as a surrogate of the and natural sources, their reliability as tracers of individual
infiltration factor for PM s [Finf(PM2.5)] might lead to an  mobile and stationary sources in a vast area like the one con-
overestimation of the fraction of indoor Rl of outdoor  sidered in our study is questionable. Thus, rather than iden-
origin, at least in the communities considered in our study.tifying specific individual TE sources, our results illustrate
Table 2 shows the averagén for PM, 5 estimated during  differences among various source categories, and suggest
CHAPS from indoor and outdoor BAM measurements (seethat during CHAPS a complex mix of vehicular-, industrial-
the “Method” section for further details). Values ranged from | and soil-related emissions was mainly responsible for the
0.3810 0.52 and confirm that S is not a good tracer for indoor-elemental concentrations measured at the three San Gabriel
infiltrated PM, 5 at the studied retirement homes. sites, while regional transport, soil re-suspension and, to a
This is in contrast with what was reported in previous stud-lower degree, local traffic contributed to increase the elemen-
ies conducted in the Eastern US, where S has been consig| levels in Riverside.
tently assumed to be an excellent tracer of indoor infiltrated  gyifyr, Ni, zn, and Fe were not reliable tracers of

particles (Sarnat et al., 2002; Long and Sarnat, 2004; Walindoor quasi-UF particles of outdoor origin, and using
lace and Williams, 2005). Our differences might be due tothe |/05 ratio as a surrogate of the infiltration factor for
the fact that in the Los Angeles basin (and in general in thepMz_s[Finf(pMz_S)] led to an overestimation of the fraction
inthe Western US) a substantial portiord5 to 50%) of the o pm, 5 of outdoor origin measured indoors. Our differ-
outdoor PM 5 mass is associated with semi-volatile labile gpces may be due to the fact that in the Los Angeles basin
species, most notably ammonium nitrate, but also several Oftand in general in the Western US) BMincludes a number
ganics. These species volatilize either entirely or partially of semi-volatile labile species, such as ammonium nitrate and
upon building entry (Kim et al., 2000; Tolocka et al., 2001; several organic compounds, which volatilize either entirely
Lunden et al., 2003; Sardar et al., 2005). The averdge o to a substantial degree upon building entry. Although our
for ammonium nitrate reported by Lunden et al. (2003) andqata indicates that the I{@ ratio might provide more reli-

Sarnat et al. (2006) during 2 previous studies conducted iypje estimates ofiy; (PMys) than the correspondent 140
Southern California homes wag).2. It should also be noted  5tj0, we speculate that it is not prudent to use a conservative

that sulfate particles are generally smaller than the bulk of the;ompound (Ni) to monitor the infiltration behavior a “non-

ciencies, and have lower deposition rates; this is also consissontinuous indoor and outdoor BAM measurements to cal-
tent with overestimated infiltration factors obtained using S¢yjate i\ for PM, 5 instead.

as atracer of indoor-infiltrated PM (Wallace and Williams,
2005). Our data indicate that the NQratio might provide
more reliable estimates dfin(PM25) than the correspon-
dent I/Qxs ratio, despite of the higher uncertainties related to
the detection of relatively lower indoor and outdoor Ni con-
centrations.

As shown in Fig. 4c, the 1/O ratios of Ni and Zn were
not well correlated to the correspondentd§&@sevalues, but
relatively strong associations and negligible regression in
tercepts were observed between d/Q/Ope, and 1/Qoarse
(Slope=1.13 and 1=0.04 for 1/©vs. 1/Qcpars¢ Slope=1.66
and 1=0.00 for I/Qe, VS 1/Ocoarsd- HOwever, regression
slopes substantially higher than 1 for such correlations in
dicate that I/@ and, especially, I/@; ratios would probably
lead to an underestimation &f,; for coarse PM, limiting the
use of Fe as a good tracer of indoor-infiltrated coarse PM of
outdoor origin. It is possible that the indoor concentrations5 Supplemental information
of these TEs are dependent on structural characteristics and
ventilation conditions of the considered retirement homes,Geometric means (ngftstandard deviation) of indoor
and that the reduced penetration of Fe compared to coarsgN) and outdoor (OUT) weekly concentrations for the 17
PM reflects the low number of open windows and doors, themost abundant elemental species detected at the 4 retire-
presence of central air conditioners and, overall, the low AERment communities during CHAPS (i.e. Na, Mg, Al, S, K,
values estimated during CHAPS (as discussed earlier). Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Mo, Ba, and Pb).

Data were segregated by site and by season (warmer, W,

Unlike previous studies (Long and Sarnat, 2004; Janssen
et al., 2005; Wallace and Williams, 2005), our work does not
support the use of residential outdoor (and, perhaps, central
site) S and Ni data as surrogates of indoor-infiltrated parti-
cles in time series epidemiological investigations of indoor
(and personal) exposure to PMof outdoor origin. Our find-
ings highlight the difficulty for these TESs to represent accu-
rately the entire PM mixture due to their different infiltration
‘behavior with respect to quasi-UF, accumulation, and coarse
particles. However, a better understanding of how ambient
elemental species penetrate in indoor environments is im-
portant for assessing exposure and potential health effects of
‘these specific PM constituents.
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and the colder, Chttp://www.atmos-chem-phys.net/9/4521/  ated with primary combustion aerosols in subjects with coronary

2009/acp-9-4521-2009-supplement.pdf artery disease, Environmental Health Perspectives, 116, 898—
906, 2008.
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