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ABSTRACT

Santiago’s inhabitants have been exposed to high concentrations of fine particle
matter (PM5) for decades; progress towards a solution to this environmental risk has been
slowing down lately. To contribute to a solution to this long-standing problem it is
necessary to clearly identify and quantify the agents that contribute to ambient levels of
PM2s. The goal of this Thesis is to obtain an enhanced evaluation of Santiago’s air quality,
through the identification and quantification of the main sources that contribute to PM; 5
levels, differentiating Santiago’s indoor environment from the outdoor environment. To
achieve this goal a source-receptor model was applied to: a) historical database, b) new
indoor/outdoor data generated by this thesis and, ¢) new database collected together with
researchers from University of Wisconsin-Madison. From the analyzed data it was found
that the main sources that contribute to outdoor MP5 levels were: motor vehicles, wood
burning, sulphates, marine aerosol, copper smelter and soil dust suspension. In indoor
environment during spring, six sources were also identified; three of them from outdoor
sources: motorized vehicles, street dust and sulphates; and three of them from indoor
sources: indoor dust suspension, kitchen + cleaning products and kitchen + tobacco smoke.
Also, it was found that the outdoor mean level of PM,s was slightly lower than indoor

mean level.

From the different campaigns we can conclude the existence of significant regional
sources that impact on Santiago (marine aerosol and copper smelters); that the main

contributions to PM,s come from emissions from motor vehicles and wood burning, the



latter increasing in the cold months. We also found that indoor PM, s is different to outdoor
PM2s both in concentration and in composition; this is justified by the existence of
emission sources found only indoors that explain~50% of the total indoor PM, 5. We found
that only half of indoor households used a fan in their kitchens. Thus, emissions produced
by cooking could be further reduced if all households took the cost-effective measure of
having a working fan in their kitchens. Likewise, the perspective of this thesis is to help
pin down future social-governmental interventions that would allow Santiago to improve

its air quality.
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RESUMEN

Los habitantes de Santiago han estado expuestos a altas concentraciones de
material particulado fino (PM;5) por décadas. La mejoria de los niveles ambientales del
MP,5s en Santiago ha ido frendndose en los Gltimos afios. Para poder solucionar esta
problematica, es necesario identificar y cuantificar claramente los agentes que contribuyen
al aumento de niveles de PM;s. El objetivo de esta Tesis es obtener una evaluacion
mejorada de la calidad del aire existente para Santiago, mediante la identificacion y
cuantificacién de las principales fuentes que contribuyen al PMj,s en Santiago,
diferenciando entre el ambiente intradomiciliario y el exterior. Para cumplir con este
objetivo se aplicé un modelo fuente-receptor mediante la utilizacion del programa
computacional PMFv3.0 el cual fue aplicado sobre: a) bases de datos histdricos, b) nuevos
datos interior/exterior generados por esta tesis y ¢) nueva base de datos colectados en
conjunto con investigadores de la University of Wisconsin-Madison. De los datos
analizados se encontré que las principales fuentes que contribuyen al MP,s exterior en
Santiago fueron son seis: vehiculos motorizados, quema de lefia, sulfatos, aerosol marino,
fundiciones de cobre y polvo en suspension. Durante primavera en interior también se
identificaron 6 fuentes; tres de ellas de origen exterior: vehiculos motorizados, polvo de
calle y sulfatos, y tres de origen interior: polvo interior suspendido, cocina + productos de
limpieza y cocina + humo de tabaco. Ademas se encontrd el nivel promedio de PM; 5 del

exterior fue levemente menor al de interior.

De las distintas camparias se puede concluir la existencia de fuentes significativas e

intermitentes de contribucion regional que impactan sobre Santiago (aerosol marino y



fundiciones de cobre) y que las principales contribuciones al PM,5 provienen de las
emisiones generadas por los vehiculos motorizados y la quema de lefia, incrementando
estas ultimas sus emisiones durante los meses frios. EI PM, s intradomiciliario es diferente
al encontrado en el exterior, tanto en concentracién, como en composicion, fenémeno
explicado a procesos de generacion y resuspension interna de PM, s (~50% del total). Dado
que aproximadamente la mitad de las viviendas no tenian un ventilador funcionando en la
cocina, el aporte proveniente de la coccion de alimentos podria ser reducido si se tomara
esa medida, la cual es razonable desde el punto de vista de costo-efectividad. De esta tesis
se tiene como perspectiva ayudar a precisar futuras intervenciones socio-gubernamentales

gue permitan una ciudad con una buena calidad del aire.
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1. INTRODUCTION AND THESIS GOALS

This chapter describes the thesis background, its main goal and specific objectives.
It begins with an introduction to the topic of fine particulate matter air pollution in
Santiago, followed by the statements of the main goal and specific objectives proposed in
this thesis. The next chapters present the publications resulting from this thesis’s work.

1.1.  General background

Solid particles suspended in the air, denoted as Particulate Matter (PM), are
classified according to the aerodynamic diameter of the particles that constitute them.
PMyo and PM, 5 are the most studied and regulated fractions because they can be inhaled
and get into deep regions of the respiratory tract. The fine particle matter (PM;s) is the
fraction studied in this thesis, corresponding to solid particles suspended in the air with
aerodynamic diameter equal or smaller than 2.5 micrometers (um), originated mainly by
anthropogenic emissions. Short term epidemiologic studies have found a consistent
statistical association between the mass concentration of these particles in the air and daily
morbidity and mortality, even in low environmental concentrations (US EPA 2004; WHO:
World Health Organization 2005; D W Dockery et al. 1993; Pope 2007; Lepeule et al.
2012). In the case of premature long-term mortality, cohort studies have conclusively
shown that the magnitude of the effect is several times the value of the estimated effect of
short-term study (D W Dockery et al. 1993; Lepeule et al. 2012; Cesaroni et al. 2013;
Arden Pope et al. 2011).

Short term epidemiologic studies have been performed in Santiago, correlating
the increased levels of PM,5 in the environment with health effects. Leiva et al. (Leiva et
al. 2013) found that for every daily increment of 10 pg/m* of PM,5 in the air, the risk of
hospitalization from cerebrovascular disease increases 29% (Odds Ratio: 1,29; 95% IC:
0,55-2,03). For a daily increment of 10 pg/m® of PM,5 Valdés et al. (Valdes et al. 2012)
determined a 33% increment of premature mortality because of cardiovascular problems.
These authors also highlight that the composition of Particle Matter is relevant, noting that



high contents of chrome, copper and sulfur have a greater association with premature
mortality caused by chronic obstructive pulmonary disease (COPD), while zinc and
sodium are associated to cerebrovascular disease. Both studies don’t conclude definitively
about the statistical association since the confidence intervals include the 1.0 value.
Nevertheless, their results are plausible for their adequate procedure and the consistency of
their findings. Pino et al. (Pino et al. 2004) observed in a prospective study that from April
1995 to October 1996, the PM, 5 was positively correlated with a lower respiratory tract
illnesses in children less than one year old, establishing that a daily increment of 10 pg/m®
of PM 5 increases in 5% the risk of wheezing bronchitis (95% IC: 0% - 9%). This study
used epidemiologic models with temporary delays and confirmed that at the ninth day after
acute exposure to PM2s an increase of a maximum 9% is reached. Gonzélez et al.
(Gonzélez R. et al. 2013) established, through a study of temporal series during the period
2000-2007, that the periods of high PM contamination are correlated with peak values of
incidence of diabetes mellitus type 1.

All of the above studies evidence the impact of ambient PM,s in the health of
people, and they have used ambient monitoring of PM, 5 to estimate population exposure
to PM, 5. However, it has been found that people spend most of their time indoors (Caceres
et al. 2001). Hence studies that measure indoor air pollution, especially in households,
provide a better estimation of total human exposure to PM;5s and its effects on people’s
health. However, given the high costs and difficulties to perform indoor studies,
government agencies often use outdoor measurements to estimate total human exposure to
air pollution. To improve this situation, it is useful to characterize the relationship between
indoor and outdoor air pollution and how that changes according to the household’s
characteristics. In this way it would be possible to have better estimates of total human
exposure to PM; s considering the different environments in which people stay during their

normal activities.

In recent years the study of indoor PM,s has increased due to its impact on
people’s health (Ashmore and Dimitroulopoulou 2009; Junninen et al. 2009; Lai et al.

2010; Ohura et al. 2009), particularly due to solid fuel use in developing countries. On this



regard, WHO has estimated that indoor air pollution is responsible of 36 % of all low
respiratory infections, of 22% of the cases of COPD and of 2 million premature deaths
(WHO 2002; WHO 2015). Another important feature of indoor PM,s is the difference it
has regarding outdoor PM, 5, both in concentration and in composition. The outdoor PM; 5
has been identified as one of the main sources that contribute to increase indoor PM;s
particles, because they easily infiltrate through cracks or through ventilation, causing air
exchange between the outdoor and indoor air. (Qing Yu Meng et al. 2009). Other sources
that have been identified as contributors to increase indoor PM;s levels are: household
cleaners (cleaning process), dust suspension caused by people moving indoor, cooking, the
presence of pets and insects, smoking, using candles and incense and indoor space heating.
Some studies exclude households with smokers, for a better characterization of indoor
pollution (Abt et al. 2000; Bernstein et al. 2008; Saraga et al. 2010; Begum et al. 2009),
but this bias the results if the percentage of people who smoke indoor is high.

In Chile there are few recent publications that give information on indoor air
quality and its relation to health effects. In general, high concentrations of PM;s, NOo,
SO, and ultra-fine particles (less than 0.1 um in size) were found during winter (Ruiz et al.
2010; Rojas-Bracho et al. 2002; Adonis and Gil 2001; Flores et al. 2010). The origin of
this behavior is mainly caused by heating combustion and outdoor contributions (Ruiz et
al. 2010). Rojas-Bracho et al. showed that in central and northeast sectors of Santiago,
concentrations of indoor PM, 5, PM1o and NO, are higher than those found in cities across
the USA and Canada; this is explained because of high internal and external anthropogenic
contributions and the meteorological and geographical conditions related to Santiago’s
location. (Rojas-Bracho et al. 2002; Mufioz et al. 2010). Adonis and Gil have measured
CO, SO;, PMyy, and polycyclic aromatic hydrocarbons (PAHS) in La Pintana, one of the
poorest sectors within Santiago. This study found that low socioeconomic status is more
vulnerable to the impacts attributed to poor air quality and has high concentration levels of
indoor pollutants (Adonis and Gil 2001). Flores et al. found an association between the
emissions from the use of coal and firewood with chronic respiratory symptoms, and also
found that in adults, those most at risk of COPD are male over 60 years old (Flores et al.

2010); this study identified possible sources of PM through surveys without a quantitative



indoor measurement of pollutant levels. These facts suggest that in order to better
understand the impact of air quality on respiratory problems of Santiago’s population, it is
necessary to quantify the concentration and chemical composition of indoor PM,s, and
perform a deeper and more accurate analysis for identifying the main sources that
contribute to increase the levels of PM,s including the own habits of residents which

impact upon these concentrations.

1.2.  Hypothesis of the thesis

The hypotheses that were the basis of this thesis were:

The analysis of the chemical composition of PM,s by using receptor models, could
allow us to identify and quantify the contributions of different types of sources,
differentiating between i) natural and anthropogenic sources; ii) indoor and outdoor

sources, and iii) primary and secondary particles.

Outdoor sources could have a significant contribution to indoor PM; s levels.

Accurate identification and quantification of sources contributing to PM,s would
allow us to obtain: i) a hierarchy of impacts of each source, ii) origin classification (indoor
and / or outdoor), and finally iii) contribute to improve social behavior and policies that

help to reduce PM, 5 levels.



1.3.  Objectives of the thesis

The main goal of this thesis is to perform a quantitative air quality evaluation to

identify the major sources that contribute to both outdoor and indoor PM; s concentrations.

The specific goals are the following ones:

. Achieving a chemical characterization of PMj,s that provides enough

information to identify the main sources contributing to its levels.

. Applying a receptor model for Santiago for identifying the main sources

contributing to PM, 5, differentiating between sources of primary and secondary origin.

. Identifying and quantifying the main sources contributing to indoor PM;5 in

Santiago. Such analysis has not been performed before this Thesis.

. Sorting out sources contributing to indoor and outdoor PM,.s, and quantifying
the contribution (and infiltration) from outdoor to indoor.



1.4.  Outline of the thesis

This thesis has been developed taking as its central theme the identification and
quantification of the main sources that explain PM,s levels in Santiago. The structure of
the Thesis responds to the questions that arose during the research process. These
questions and their answers are described below.

a) How to identify and quantify the main sources that contribute to PM, 5?

The answer to this question is to apply a receptor model, in this case PMF
(Positive Matrix Factorization) widely used in developed countries (Reff, Eberly, and
Bhave 2007; Belis et al. 2013), which had already been used by the research group for the
city of Tocopilla (Hector Jorquera 2009). In this thesis PMF (3.0 version) model was
successfully applied to measured data in the industrial area of La Negra, 1l Region, where
sources of PM2.5 were few and already known. From this task, the first article presented in
this thesis was generated: "Source apportionment of PMyy and PM55 in a desert region in
northern Chile" (See Chapter 2). This training work validated a protocol and chemical
profiles from industrial sources and natural contributions to ambient PM;o and PM; 5 in an

industrial area located in the hyper-arid Atacama Desert.

b) Is the methodology applicable to Santiago?

Unlike the work mentioned in a), modeling ambient PM, s at Santiago has been a
greater challenge because it has more contributing sources, and has a marked seasonality
not present in the north of Chile. However, it was possible to obtain a feasible model for
historical data collected during 2004 and 1999; the same model was applied (PMF 3.0) to
data measured in the same sector of the city (Las Condes, eastern side of Santiago) but
analyzed at different laboratories; the similarity of the results in both years showed that
PMF3.0 is able to identify the main contributing sources to PM,s. In this case six main
sources whose contributions for 1999/2004 were estimated as follows: motor vehicles:
28+2.5% / 31.2+3.4%, biomass burning: 24.8+2.3% / 28.9+3.3%, sulfates: 18.8+1.7% /



6.2+2.5%, marine aerosol: 13+2.1% / 9.9+1.5%, copper smelters: 11.5+1.4% / 9.7+3.3%
and suspended soil dust: 3.9+1.5% / 4.0+2.4%. This work resulted in the publication of the
article: "Source apportionment of ambient PM,5 in Santiago, Chile: 1999 and 2004
results” (See Chapter 3). From this work it is highlighted that although the level of PMs
has declined over the years, the main sources of contribution remain the same for 2004 and
1999, in almost the same percentages. In addition it provides quantitative evidence of the

impact of regional contributions such as marine aerosol and copper smelters near Santiago.

c) From the exposure point of view, is indoor PM,s equal in concentration and/or

composition to the PM s found outdoors?

Studies performed in EEUU and Europe cities have determined that indoor PM 5
differs from outdoor PM, s, yet there is not much information of this for Santiago. That is
why a campaign of indoor/outdoor monitoring has been performed in order to find and
collect information that enables to answer this question. This effort culminated in the third
published article, titled "Indoor PM,s in Santiago, Chile, spring 2012: Source
apportionment and outdoor Contributions ". In this paper it is evidenced in a conclusive
way that indoor PM,s differs regarding concentration, composition and sources of
contribution. It should be noted that a work like this (application of a receptor model) is the
first one conducted in Santiago; it was found that indoor generated contributions are

responsible for about 50% of total indoor PM 3.

d) Is it possible to obtain a better characterization, especially for the cold season?

A limitation of the model obtained for Santiago described in b) is that it was
based solely on elemental analysis of ambient PM,s. Thus it did not use molecular tracers;
neither resolved the sources that emit OC (which can reach up to 70% of the PM;5). We
remark that every combustion process produces organic carbon emissions (vehicle motors
and food cooking) and some increase during the colder months (wood burning). In order to

answer this question a monitoring campaign was conducted from March to October 2013



at the San Joaquin campus of Pontificia Universidad Catolica de Chile (PUC), collecting
ambient PM,s samples that were subsequently analyzed and studied using the model of
contribution of sources CMB - Chemical Mass Balance - (U.S. Environmental Protection
Agency 2015) by the research group of Dr. James J. Schauer from the University of
Wisconsin-Madison. From this collaborative work the following work was published:
"Chemical speciation and source apportionment of fine particulate matter in Santiago |,
Chile, 2013" (See Chapter 5). This article highlights the following aspects: i) a complete
molecular speciation of PM, s, including alkanes and alkenes of high molecular weight,
PAHs and fatty acids, ii) for the first time, the identification and quantification of sources
contributing to organic carbon is obtained for Santiago, including secondary organic
aerosols, iii) the contributions of motor vehicles are provided for gasoline and diesel
powered vehicles, and iv) similar results are obtained and complemented to those obtained
for Santiago 2004-1999, using a completely different basis of chemical species and a
different receptor model.

In summary, in this Thesis a quantitative and comprehensive description of the
major sources of ambient PM, s at Santiago has been accomplished, spanning from 1999
through 2013. In addition, an indoor PM,s campaign has shown that 70% of outdoor
PM25 penetrates the households at Santiago in the warm season and that 50% of indoor

PM, s comes from indoor sources.
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2. SOURCE APPORTIONMENT OF PMjg AND PM,5 IN A DESERT REGION

IN NORTHERN CHILE

2.1.  Highlights

¢ Ambient PMo and PM, s were measured in an industrial zone within an arid region in

the North of Chile.

¢ Dry climate allows accumulation of heavy metals deposited on the ground.

e Soil dust becomes enriched with tracers of anthropogenic activities.

e Average suspended soil dust reaches 9 pg/m?® for PM,5 and 50 pg/m?® for PM1o.

e Peak daily soil dust reaches 31.5 pg/m® for PM,5 and 104 pg/m? for PM1o.

2.2.  Graphical abstract

PM, s Sources

5%
9%

34%
12%

18%

22%

B Copper smelter
OAntofagasta

PM,, Sources
6% 12%

B Mineral stockpiles & lithium/KCI plant

Figure 1Graphical abstract: Source apportionment of ambient PM, s in Santiago, Chile: 1999 and 2004

results
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2.3. Abstract

Estimating contributions of anthropogenic sources to ambient particulate matter
(PM) in desert regions is a challenging issue because wind erosion contributions are
ubiquitous, significant and difficult to quantify by using source-oriented, dispersion
models. A receptor modeling analysis has been applied to ambient PMjo and PM;s
measured in an industrial zone ~20 km SE of Antofagasta (23.63°S, 70.39°W), a midsize
coastal city in northern Chile; the monitoring site is within a desert region that extends
from northern Chile to southern Peru. Integrated 24-hour ambient samples of PMy, and
PM, s were taken with Harvard Impactors; samples were analyzed by X Ray Fluorescence,
ionic chromatography (NO3;~ and SO4”), atomic absorption (Na*, K*) and thermal optical
transmission for elemental and organic carbon determination. Receptor modeling was
carried out using Positive Matrix Factorization (US EPA Version 3.0); sources were
identified by looking at specific tracers, tracer ratios, local winds and wind trajectories
computed from NOAA's HYSPLIT model.

For the PM 5 fraction, six contributions were found — cement plant, 33.7 + 1.3%;
soil dust, 22.4 + 1.6%; sulfates, 17.8 £ 1.7%; mineral stockpiles and brine plant, 12.4 +
1.2%; Antofagasta, 8.5 + 1.3% and copper smelter, 5.3 + 0.8%. For the PM, fraction five
sources were identified — cement plant, 38.2 + 1.5%; soil dust, 31.2 + 2.3%; mineral
stockpiles and brine plant, 12.7 = 1.7%; copper smelter, 11.5 + 1.6% and marine aerosol,
6.5 + 2.4%. Therefore local sources contribute to ambient PM concentrations more than
distant sources (Antofagasta, marine aerosol) do. Soil dust is enriched with deposition of
marine aerosol and calcium, sulfates and heavy metals from surrounding industrial
activities. The mean contribution of suspended soil dust to PMy, is 50 ug/m® and the peak
daily value is 104 pg/m®. For the PM,s fraction, suspended soil dust contributes with an
average of 9.3 pg/m® and a peak daily value of 31.5 pg/m?®.
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2.4. Introduction

Chile's economy is based mainly on mineral, agricultural, forest and marine
exports, with primary copper and refined copper production accounting for 34% and 17% -
respectively - of worldwide production in 2010 (COCHILCO 2012) northernmost part of
Chile, from ~ 30°S up to the border with Per( is where most mining activities are
concentrated. Source apportionment and chemical characterization of ambient particles
have been reported at three coastal cities in that region. Kavouras et al. (Kavouras et al.
2001) found that at Iquique (20°12'S, 70°10"W) marine aerosol contributes 40% of PMjg
mass, but only 4.5% of PM,s fraction; soil dust was a significant contribution there with
14% of PMyo mass but it was not found in the fine fraction. Fiebig-Wittmaack et al.
(Fiebig-Wittmaack et al. 2006) found that at La Serena (29°54'S, 71°15'W) sea salt
contributes 40 to 50% of the coarse particles, depending on season of the year, and that
concentration decreases as the measurement site moves inland, being 10 times lower at 60
km off the coast. Jorquera (Hector Jorquera 2009) found at Tocopilla (22°05'S, 70°12'W)
that 50% of PM,s is from sulfates originated from coal-fired thermal power plant
emissions, and that marine aerosol and soil dust accounted for 35% and 15% of PMyy,
respectively, in agreement with the results of Kavouras et al. (Kavouras et al. 2001)

obtained at Iquique.

The subject of the present analysis is an industrial area that has not been studied
before. This industrial zone - with a cement manufacturing facility, a copper smelter, an
area of minerals stockpiles and a Li,CO3/KCI brine extraction plant among other sources -
is located SE from Antofagasta (23.63°S, 70.39°W, population: 360,000 inhabitants in
2009) on the west side of a coastal range — see Figure 2. The landscape is a desert that
includes northern Chile and most of southwestern Per0 — from 5°S to 30°S; in both
countries mining activities have been on the rise in the last two decades, leading the

economic growth in those countries.
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Figure 2 Location of the ambient monitoring site and the main sources surrounding it.

In this study region local meteorological variables have low seasonality — see
Figure 3 — for a long term record at Antofagasta's airport. There is a permanent stratus
cloud deck which is distinctive of the South American west coast (Xu, Xie, and Wang
2005; Mansbach and Norris 2007; Sun et al. 2010).
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Summary of SYNOP data at Cerro Moreno (23.43°5, 70.43"W), 2000-2010
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Figure 3 Annual box plots of surface meteorological variables measured at Cerro Moreno Airport (23°26°S,
70°26°W), 20 km NNW of Antofagasta, for the years 2000-2010.

A small seasonality is present in ambient daily PMo concentrations measured at
the industrial site every third day with high volume samplers (SINCA 2012) — see Figure
4. Annual PM 1 concentrations exceed the ambient standard of 50 ug/m3 and in all years,
~25% of measured days exceed the ambient standard of 150 pug/m®. The small seasonality
in ambient PMj, implies that a short term campaign can capture major features of PM1g
and PM5 in that region.
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Summary of amblent PMW at monitoring site
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Figure 4 Box plots of daily PM,, concentrations measured using Hi-volume samplers. Top panel: by year;
lower panel: by month. Period: January 2004 through December 2009.

At the industrial site, top hourly wind speed values exceed 5 m/s every day so wind
gusts may be even larger thus contributing to wind erosion — see Figure 5 for data
collected during the measurement campaign. Wind erosion is ubiquitous in desert
landscapes and this PM emission is difficult to estimate. Remote sensing of dust plumes is
hampered by the permanent cloudiness on this coastal region. Furthermore, even under
clear sky conditions, small plumes of diffuse sources are not detected by remote sensing
yet they may have a substantial contribution to total dust concentrations for they cover
larger areas than stronger dust sources do (Okin et al. 2011). Therefore, source-oriented
dispersion models — or inverse modeling using satellite retrievals — may not estimate the
total amount of naturally suspended dust in arid regions like the one analyzed herein.
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Wind Speed, Dec. 2007 - Jan. 2008 Wind Speed and Direction, Dec. 2007 - Jan. 2008
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Figure 5 Summary of wind measurements during the ambient monitoring campaign. Left panel: diurnal
boxplot of wind speed. Eight panel: compass plot of wind speed and direction.

In this work we report results of a short term ambient monitoring campaign of
PMy, and PM,5s, followed by chemical analysis for trace elements and some ions and
thermal determination of organic (OC) and elemental carbon (EC). The resulting database
was analyzed using EPA's PMF3 receptor model (EPA— US Environmental Protection
Agency) to identify and quantify major sources contributing to ambient PM
concentrations. The following sections of this paper present a description of the ambient
monitoring campaign, the receptor modeling approach, the results of the analysis, a

discussion and a closing section with conclusions.
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2.5.  Methodology

2.5.1. Sampling and analytical techniques

The campaign was carried out between December 17", 2007 and January 20" 2008
— see Figure 2 for the location of the monitoring site. Since on Sunday December 23" a
sampling was lost, a make-up sample was taken on January 27", also a Sunday. A total of
35 daily samples of PMyy and PM, s were taken using low volume Harvard Impactors (Air
Diagnostics and Engineering, Inc. Naples, Maine, USA) operating at a constant air flow of
10 L/min; Teflon filters (2 and 3 um pore size, Gelman Scientific, Ann Arbor, Ml, USA)
were used to collect both PM size fractions; the Teflon filters were analyzed for elemental
composition using X ray fluorescence, for NO3~ and SO,  in PMj,s using ionic
chromatography and for Na* and K* in PM1q using atomic absorption. In addition, quartz
fiber filters (#2500 QAT-UP, Gelman Scientific, Ann Arbor, MI, USA) were used for co-
located samples of PM,s that were analyzed with a DRI Model 2001 Thermal Optical
Analyzer (Atmoslytic Inc., Calabasas, CA, USA) to measure elemental (EC) and organic
(OC) carbon; field blank filters were also included in the sampling protocol. All chemical
analysis were performed at the Desert Research Institute, Reno, NV, USA. For more
details see Jorquera (Hector Jorquera 2009).

2.5.2. Receptor modeling analysis for particulate matter

Receptor models attempt to identify and quantify sources that contribute to ambient
PM concentrations at a given monitoring (receptor) site. Required data are the
concentrations of n chemical species measured in m PM samples. Models explain the

observed species concentrations as a sum of p source contributions (P. Hopke 2005).

p
Xij = Z Sikfi + ej

k=1
Equation 1
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In the above equation Xj is the j-th species mass measured in the i-th PM
sample, gix is the PM mass concentration from the k-th source contributing to the i-th PM
sample, fy; is the j-th species mass fraction from the k-th source, e;j; is a model residual
and p is the total number of resolved sources. It is assumed that source profiles {fi;} are
constant during the sampling period. Usually five to six sources are identified using this
methodology and receptor models require a substantial amount of data points to achieve a
robust source apportionment — see Pant and Harrison (Pant and Harrison 2012) for a

recent review.

We use in this work the software Positive Matrix Factorization (PMF, version 3.0),
available from U.S. EPA (U.S. Environmental Protection Agency 2012b); this software

minimizes the weighted sum of squares.

2

DM

i=1 1

p
<Xij - Z gikfkj) /Uij]
k=1

j:
Equation 2

Where gjj is the estimated uncertainty in the j-th species i-th PM sample. For a
properly assigned set of uncertainties the optimal Q should approach the theoretical
degrees of freedom for factor analysis: n-m—p-(m+n). Minimization of Equation 2 is
carried out using a Huber residual weighting so that results are robust to data outliers
(Paatero 1997; Paatero 1999; Reff, Eberly, and Bhave 2007).

The procedure of Polissar et al. (Polissar, Hopke, Malm, et al. 1998) was used to
assign input data uncertainties in PMF3.0 — see also Reff et al. (Reff, Eberly, and Bhave
2007). Data uncertainties (i in Equation 2) were computed as Equation 3

DL
Sij +?,leij > DL
5DL

T, leu SDL

Equation 3

oij =
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Where s;; is the laboratory analytical uncertainty for Xj; and DL is the detection
limit value - estimated as three times the standard deviation of filter blank values. Xj
values below the detection limit (if any) were replaced by half of the DL value. We do not

have missing values in the data sets analyzed.

Paatero et al. (Paatero, P Hopke et al. 2005) have shown how to graphically explore
the range of potential solutions of Equation 2 varying a parameter named Fpeak: positive
values force most elements to lie on few source profiles, while negative values mean that
most source profiles are mixed thus they do not stand for “pure sources”. They suggest
varying Fpeak until correlation among paired source contributions {gix, gii} is minimized;
this condition is graphically confirmed when several {gi, gii} points lay on either axis —
the so called ‘edge points’ — and this means that k-th or I-th source is not contributing to

PM mass on those data points; we follow that approach here.
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2.6. Results and discussion

2.6.1. Mass concentration and chemical composition

For this campaign mean daily (24 h) concentrations of PMjy and PM,5s were 161
and 42 pg/m®, respectively. The highest daily values were 331 pg/m® for PM1o and 108
ng/m® for PM,s; both happened the same day, December 29™ 2007; the lowest measured
values were 80 pug/m® for PMyo and 21 pg/m® for PM,s. Table 1 shows results for PM1g
elemental concentrations measured with XRF — Na" and K" were measured by atomic
absorption. The listed elements are the ones that had at most two values below the
detection limit (DL) reported by the laboratory. The rightmost column in Table 1 has the
DL value reported by the laboratory followed by the number of values below the DL, if
any, between brackets. The species with the highest concentration is calcium, coming from
the cement facility nearby — see Figure 6 — and from suspended soil dust. Other species
with high concentrations are silicon, sodium, iron, potassium and aluminum. Silicon and
aluminum may come from cement manufacturing or suspended soil dust emissions.
Potassium can be released from suspended soil dust and from specific processes such as
the Li,CO3/KCI brine extraction plant located NNW of the monitoring site. Finally,
sodium is assumed to come from marine aerosol reaching the monitoring site — see

discussion below on wind trajectory analysis.
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Table 1 Summary of chemical composition of ambient PMg, in ug/m®.

Species Stand.dev. Minimum Mean Median Maximum DL (# <)
Na* 1.153 1.703 4.359 4,181 6.579 0.066
Al 0.363 0.995 1.602 1.637 2.231 0.014
Si 0.808 2.100 3.662 3.761 4916 0.027
0.074 0.045 0.180 0.176 0.404 0.002
2.078 1.516 5.377 5.263 11.674 0.036
cl 0.590 0.642 1.885 1.759 3.090 0.007
K 0.535 1.054 1.946 1.875 3.360 0.005
* 0.782 1.056 2.385 2.296 4,724 0.022
Ca 9.305 15.78 28.97 27.59 57.13 0.060
Ti 0.035 0.075 0.138 0.137 0.226 0.001
\Y, 0.004 0.005 0.014 0.014 0.025 0.0001
Cr 0.001 0.000 0.004 0.004 0.007 0.001(1)
Mn 0.015 0.026 0.049 0.047 0.087 0.001
Fe 0.556 1.012 2.097 2.108 3.282 0.006
Ni 0.002 0.000 0.003 0.003 0.007 0.0003(2)
Cu 0.586 0.033 0.582 0.320 2.409 0.002
Zn 0.047 0.037 0.093 0.083 0.236 0.001
As 0.119 0.000 0.076 0.048 0.722 0.0002(1)
Br 0.005 0.006 0.014 0.013 0.026 0.001
Rb 0.004 0.005 0.011 0.010 0.025 0.001
Sr 0.013 0.017 0.038 0.037 0.068 0.001
Zr 0.003 0.001 0.007 0.007 0.014 0.002(2)
Pb 0.010 0.005  0.021  0.020 0.051 0.002
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Figure 6 Source profile concentrations [ug/m®] for the five factor solution for ambient PM,, (Fpeak=0).
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Table 2 shows a summary of species concentrations measured in the PM 5 fraction,
using the same format as in Table 1. Species with higher concentrations are sulfates,
calcium, organic and elemental carbon. Sulfates may come from primary emissions from
cement kiln and copper smelter but may also be generated by the SOx emissions from
those sources through fast oxidation under favorable environmental conditions (see
Figure 7); calcium may come from the cement facility and suspended soil, and organic
carbon and elemental carbon are tracers of combustion sources. Hence those four dominant
species are all anthropogenic and the likely sources emitting them are the same ones

already described for the PMp.

Table 2 Summary of chemical composition of ambient PM, s, in ug/m®.

Species Stand.dev. Minimum Median Mean Maximum DL (#<)

Al 0.117 0.087 0.216 0.224 0.722 0.006
Si 0.273 0.211 0.556 0.583 1.665 0.009
0.043 0.062 0.120 0.128 0.209 0.002
1.124 1.763 3.031 3.389 5.497 0.014
Cl 0.111 0.071 0.208 0.220 0.554 0.002
K 0.312 0.194 0.560 0.613 1.534 0.002
Ca 2.659 1.407 3.395 3.907 16.292 0.009
Ti 0.012 0.009 0.020 0.022 0.068 0.001
\ 0.003 0.003 0.006 0.007 0.013 0.0001
Mn 0.004 0.002 0.009 0.010 0.025 0.0014
Fe 0.173 0.151 0.332 0.354 1.036 0.0025
Ni 0.001 0.000 0.002 0.002 0.007 0.0003(2)
Cu 0.043 0.017 0.058 0.068 0.212 0.0007
Zn 0.041 0.019 0.046 0.060 0.200 0.0007
As 0.080 0.003 0.029 0.050 0.476 0.0002
Br 0.001 0.002 0.004 0.004 0.007 0.0010
Rb 0.002 0.0005 0.003 0.004 0.010 0.0007(1)
Sr 0.004 0.002 0.006 0.007 0.019 0.0013
Pb 0.009 0.004 0.012 0.014 0.049 0.0018
NOs™ 0.130 0.145 0.331 0.350 0.683 0.020
SO4_2 4.129 6.026 10.645 11.871 21.776 0.194
ocC 0.766 1.552 2.494 2.645 5.314 0.228
EC 0.440 0.304 1.007 1.084 2.145 0.152

TC 1.005 1.856 3.676 3.728 5.777 0.253



http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23f0010
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23f0010
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23f0010
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Figure 7 Source profile concentrations [ug/m®] for the six factor solution for ambient PM, 5 (Fpeak=—0.05),
factors 1-3.

2.6.2. Source apportionment for the PMy fraction

Following the recommendations given in PMF3.0 User Guide (U.S. Environmental
Protection Agency 2012b)and in the technical literature (Reff, Eberly, and Bhave 2007),
we have run the receptor model for p =3, 4, and 5 factors including an additional,
proportional model error originated from deviations from receptor model assumptions:
source profile variability, potential sample contamination, etc. This additional model error
was varied between 5 and 25% until the theoretical, a priori Q value —n-m—p-(m+n) —
was close to the numerical Q value out of the minimization of Equation 2; this was
achieved for an extra model uncertainty of 10%. Then we have applied Multiple Linear
Regression (MLR) to the PMjo mass concentrations using the p source contributions as
independent variables and checked whether MLR coefficients were positive and
statistically significant (p < 0.05).

We have found that a five factor solution explains well measured PMjg
concentrations. Elements fitted by PMF3.0 are: Al, Si, Cl, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn,
Br, Rb, Sr, Pb, Na" and K*; all elements have regression coefficients (R®) greater than
0.80, except two: V (0.73) and Ni (0.78). Kolmogorov—Smirnov test results support a

Gaussian error distribution in model residues of all fitted species; all standardized residuals
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were lower than 3.0 except two: V (3.02) and Ni (-3.31). It was not possible to extract
more sources out of this data set, as diagnosed by negative regression coefficients in the

MLR of PM1g mass when six sources were chosen in PMF3.0.

Sensitivity analysis of this five-factor solution were performed by applying the
Fpeak parameter as described in the Methodology section (section 2.4). However we have

found that the base simulation (Fpeak = 0) produced more plausible results.

Table 3 shows source profiles, in ug/m® and ratio of modeled to observed species
concentrations for fitted species. All ratios are above 0.97 except Ni (0.83) showing a good
model representation of elemental concentrations in ambient PMyo samples; Figure 6
shows the variability in source profiles, computed using 1000 bootstrap runs. These results

are discussed next.



Table 3 Source profiles for the five factor solution for PMy fiaction in ug/m*® (Fpeak=0).

Species  Soildust Cementplant Coppersmelter Mineral stockpiles Marine aerosol Modeled conc. Observed conc.  Ratio M/O

Al 0.6771 0.5355 0.1676 0.1926 0.0285 1.6012 1.6020 0.999
Si 1.5782 1.1685 0.3654 0.5130 0.0200 3.6450 3.6620 0.995
cl 0.4530 0.4708 0.0031 0.2402 0.7000 1.8671 1.8850 0.990
Ca 10.3130 11.0410 4.1303 2.3434 0.7141 28.5418 28.9700 0.985
Ti 0.0551 0.0477 0.0153 0.0160 0.0031 0.1374 0.1380 0.995
\'% 0.0032 0.0049 0.0008 0.0026 0.0022 0.0135 0.0140 0.967
Mn 0.0190 0.0158 0.0069 0.0064 0.0004 0.0484 0.0490 0.988
Fe 0.8399 0.6652 0.2938 0.2612 0.0250 2.0850 2.0970 0.994
Ni 0.0000 0.0011 0.0000 0.0013 0.0001 0.0025 0.0030 0.831
Cu 0.0703 0.0021 0.3372 0.0387 0.1330 0.5813 0.5820 0.999
Zn 0.0099 0.0182 0.0120 0.0471 0.0048 0.0920 0.0930 0.989
Br 0.0035 0.0054 0.0011 0.0003 0.0034 0.0138 0.0140 0.989
Rb 0.0022 0.0055 0.0010 0.0012 0.0008 0.0107 0.0110 0.974
Sr 0.0149 0.0123 0.0060 0.0039 0.0000 0.0371 0.0380 0.978
Pb 0.0028 0.0023 0.0010 0.0107 0.0040 0.0207 0.0210 0.986
K* 0.5516 1.1236 0.1503 0.2933 0.1995 2.3183 2.3850 0.972
Na* 1.3220 1.0732 0.0801 0.5597 1.2928 4.3278 4.3590 0.993
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The first source has more than 40% of the Al, Si, Ti, Mn, Fe and Sr measured,; its
K/Fe ratio is 0.66 so it corresponds to soil dust whose ratio is 0.6£0.2 (Malm et al. 1994).
The source profile shows a very stable composition of crustal elements; there is also
chloride and sodium in this profile likely coming from marine aerosol deposition. The
second source is identified as the cement manufacturing facility. It has the highest Ca
concentration and bootstrap results for this profile shows narrow distributions for Ca, Al,
Si, and Fe, all major components of cement; hence this stable source profile corresponds to
the cement manufacturing facility which includes cement kiln and fugitive emissions from

cement storing, handling and shipping.

The third source has 58% of Cu, with a distinctively narrow concentration range so
we identify it as the PM1 emission from the copper smelter, located ~3.7 km south of the
monitoring site. The presence of crustal elements in this profile is an evidence of mixing of
suspended soil dust emissions with the smelter plume in route to the monitoring site as
shown by inspection of wind trajectories — see section below (section 2.6). Crustal
element compositions also have a narrow concentration distribution but their average

values are 2.5—4.3 times lower than in the soil dust profile.

The fourth source is identified with fugitive PMy, emissions from sulfide mineral
stockpiles and from the brine plant. This source has ~51% of Zn, 53% of Ni and 52% of
Pb, all tracers of sulfide ores (Ferndndez-Caliani et al. 2009) and that have stable
concentrations in the source profile; the profile contains 13% of soluble potassium — a
tracer of brine plant emissions — and also crustal elements but with lower concentrations
than in the soil dust profile. The fifth source has 37.5% of CI, 25% of Br and 30% of Na
measured — all with narrow composition ranges distinctive of a stable source profile — so
this is the marine aerosol. Crustal elements in this source profile have a broader
composition distribution than in other source profiles and their average concentrations are
14 to 79 times lower than in the soil dust profile, showing a good source discrimination
obtained by PMF3.0. Wind trajectory analysis confirms that this source is the marine
aerosol and it may arrive to the monitoring site from different directions — see Discussion

section below.
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Table 5 shows results of the MLR of ambient concentrations of PMj, against
source contributions; since the intercept is not statistically significant (p = 0.062), a MLR
with a zero intercept was computed. The relative contributions to ambient PMj and their
standard deviations are: cement plant, 38.2 = 1.5%; soil dust, 31.2 = 2.3%; mineral
stockpiles and brine plant, 12.7 = 1.7%; copper smelter, 11.5 + 1.6% and marine aerosol,
6.5 £ 2.4%. For this five factor solution a linear regression of modeled versus observed

PM 3 (not shown) explains 90% of the observed variance in ambient PM .

In the above analysis for PMy sulfur was not considered because of its low R?
value in model results when included as input to PMF3. As an ex post check we computed
a MLR of sulfur concentrations using as independent variables the five {gi} source

contributions resolved with PMF3. The resulting sulfur apportionment equation is:

S5=0.56+0.94G;1+1.78G,—-0.01G3+1.36G4+0.73Gs.
Equation 4

This result shows that sulfur is apportioned to all sources but the copper smelter
and in similar amounts ~1 pg/m°, so its contribution to most source profiles is relevant; the
above results in Equation 4 confirm the source identification already obtained for PMp.
Nonetheless, we do get a low R? in the above equation (0.39, adjusted value) so we chose
not to include sulfur in the final model.

We now comment on our choice of soluble potassium — measured by ionic
chromatography - in place of total potassium - as measured by XRF — in the receptor
model analysis for PMyo. A reduced major axis regression applied to those paired data
showed consistence among them (R? = 0.88) and both measurements produced nearly the
same fitting R? values in PMF3: 0.97 for K* and 0.94 for K. A MLR of potassium
concentrations against the five {gik} source contributions produced results similar to the
ones shown in Table 3 for K*. Hence model receptor results are equivalent for either

choice of input measurements.
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2.6.3. Source apportionment for the fine fraction (PM;s)

PMF3.0 was run for p = 4, 5 and 6 factors, and we have found that a six factor
solution describes well PM,s ambient concentrations; an extra modeling uncertainty of
11% produces a numerical Q value close to the theoretical one. The fitted species are: Al,
Si, P, Cl, K, Ca, Ti, Fe, Ni, Cu, Zn, As, Sr, Pb, NO3~, SO4 2, organic (OC) and elemental
carbon (EC). Most fitted species had correlation coefficients higher than 0.84; the
exceptions are OC (0.48) and EC (0.49) that were kept in the final solution for they are
tracers that help identify sources. Kolmogorov—Smirnov test results support a Gaussian
error distribution in model residues for all fitted species; only two standardized residues
were higher than 3.0: K (3.39) and Zn (3.37).

For this data set sulfur and sulfate were highly correlated; a reduced major axis
regression of these paired data has R* = 0.96. In Table 4 sulfates have a fitting R* = 0.99,
slightly better than in the case of sulfur (R* = 0.97) obtained by MLR of sulfur
concentrations against the six source contributions {gix}. Given this equivalence, we have

chosen sulfates as input to PMF3 in the source apportionment of PMg5s.



Table 4 Source profiles for the six factor solution for PM, 5 in ug/m® (Fpeak=—0.05).
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Mineral

Species stqckpiles & Sulfates  Antofagasta scri)\Ziirr Zi:t gg:: nt 2/cl)cr>1((:lfled S::ENEd I::/tg)
brine plant
Al 0.002 0.036 0.025 0.013 0.051 0.096 0.222 0.224 0.989
Si 0.053 0.079 0.061 0.037 0.118 0.212 0.559 0.583 0.959
P 0.029 0.039 0.014 0.009 0.003 0.034 0.127 0.128 0.992
cl 0.009 0.010 0.077 0.008 0.060 0.052 0.217 0.22 0.986
K 0.128 - 0.077 0.053 0.084 0.252 0.594 0.613 0.970
Ca - 0.440 0.270 0.177 1.193 1.715 3.795 3.907 0.971
Ti 0.000 0.004 0.002 0.001 0.005 0.009 0.021 0.022 0.970
Fe 0.007 0.058 0.032 0.022 0.095 0.138 0.351 0.354 0.991
Ni 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.943
Cu 0.006 0.004 0.009 0.016 0.032 - 0.067 0.068 0.992
Zn 0.024 0.002 0.005 0.010 0.008 0.007 0.057 0.06 0.946
As 0.002 0.003 0.003 0.036 0.006 0.000 0.050 0.05 0.993
Sr 0.000 0.001 0.000 0.000 0.002 0.002 0.007 0.007 0.979
Pb 0.004 0.002 0.002 0.003 0.003 - 0.014 0.014 0.988
NOj;~ 0.025 0.069 0.153 0.018 0.004 0.081 0.348 0.35 0.995
S0,” 2.803 3.406 1.397 0.838 0.386 2.920 11.748 11.871 0.990
oC 0.461 0.606 0.712 0.074 0.248 0.414 2.515 2.645 0.951
EC 0.214 0.098 0.128 0.126 0.263 0.106 0.935 1.084 0.863
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Sensitivity analysis of this six factor solution was performed by applying the Fpeak
parameter. For this fine fraction we have found that the better source identification was
achieved by using Fpeak = — 0.05, so this one is presented in this work Table 4 shows
source profiles and ratio of modeled to observed concentration for fitted species. All ratios
are between 0.94 and 1.0 — except for EC (0.86) — showing a good model representation
of measured species concentrations in ambient PM, s samples
Figure 7 and Figure 8 show the variability in source profiles, computed using 1000

bootstrap runs in PMF3.0. These results are discussed next.
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Figure 8 Source profile concentrations [ug/m®] for the six factor solution for ambient PM, 5 (Fpeak=—0.05),
factors 4-6.

The first source has more than 50% of Ni, 40% of Zn and 28% of Pb, all with
narrow concentration range in the source profile so it corresponds to fugitive PM,5s from
mineral stockpiles 12 km NNE of the monitoring site; this source also has 24% of sulfates,
23% of EC, 21% of potassium and 18% of OC showing enrichment with particle
deposition from cement kiln, copper smelter and brine plant emissions as well. The second
source has 29% of sulfates, 30% of P, 24% of OC and 10.5% of EC, all with narrow
concentration ranges so it is a sulfate plume originated from copper smelter emissions. The
ratio S/P ~ 30 in this profile is similar to values obtained for copper smelter contributions

to ambient PM, 5 at Santiago (Rojas et al. 1990; Héctor Jorquera and Barraza 2012).


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23f0015
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23f0015
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The third source has the highest concentrations of chlorine, nitrate and OC which
show a stable source profile hence it comes from combustion sources and it is a plume
aged enough to have nitrates within; thus we identify it as the plume of Antofagasta
moving inland; the anthropogenic origin is also supported by a ratio K/Fe = 2.4. This
source includes emissions from vehicular traffic and shipping activities at Antofagasta; the
presence of chlorine in this source profile is due to mixing of marine aerosol as air masses
move from the coast towards the monitoring site. Nonetheless, secondary and
carbonaceous aerosols dominate in this profile so we identify this source as the
contribution to PM,5s from Antofagasta. Furthermore, this source is different from the
marine aerosol source profile identified in the PM, fraction that is dominated by sea salt
(see Table 3).

The fourth source has more than 70% of As, and it has 24% of Cu and Pb and 18%
of Zn, all tracers of primary copper smelter emissions (Hedberg, Gidhagen, and Johansson
2005) that have small composition variability in the source profile. The fifth source has
crustal species such as Al, Si, K, Ca, Ti, Fe and Sr with small composition variability in
the source profile; the ratio K/Fe = 0.88 supports that this source is the suspended soil dust;
there is a clear enrichment of this source profile with Cl, K and Cu deposited on the ground
and accumulated in this desert region. The sixth source has more than 45% of Ca; species
such as Al, Si, Ca Fe, sulfates and OC have small composition variability in the source
profile. Furthermore the ratios Ca/Fe = 12.5 and Ca/SO, % = 0.59 are characteristic of
cement kiln emissions (Watson et al. 2008) thus this is the cement plant source.

A MLR analysis was carried out with ambient PM,5 concentrations and source
contributions from the six sources identified. Once again, the intercept was not significant
(p = 0.85), so a MLR with zero intercept produced the source contributions shown in Table
5. The relative contributions to ambient PM;sconcentrations and their standard errors are:
cement plant: 33.7 + 1.3%, soil dust: 22.4 + 1.6%, sulfates: 17.8 + 1.7%, mineral stockpiles
and brine plant: 12.4 + 1.2%, Antofagasta: 8.5 = 1.3% and copper smelter: 5.3 + 0.8%. For
this six factor solution a linear regression of modeled versus observed PM, 5 (not shown)

explains 95% of the variance observed in ambient PM3s.



Table 5 Summary of source apportionment results.

Source MLR coefficient (ug/m®)  Standard error (ug/m’)
PM 1o

Soil dust 50.3 3.8
Cement plant 61.6 2.4
Copper smelter 18.5 2.5
Mineral stockpiles & lithium/KCl plant 20.4 2.7
Marine aerosol 10.4 3.9
PM; 5

Mineral stockpiles & lithium/KCl plant 5.15 0.49
Sulfates 7.43 0.71
Antofagasta 3.53 0.56
Copper smelter 2.19 0.32
Soil dust 9.32 0.69
Cement plant 14.05 0.52
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2.7. Discussion

Figure 9 shows time series plots of PM,s and PMy, source contributions for the
period of the measurement campaign. In some days the receptor model predicts negative
contributions from one or two sources, but total model estimation is quite close to
measured concentrations. On December 29" ambient PM1 reached a peak of 331 pg/m®
and the receptor model estimated a value of 280 ug/m3; for the PM,5 fraction the peak

measured value was 108 pg/m® and the model predicted 107 pg/m°.
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Figure 9 Time series plots of source contributions to PM,y and PM, 5 concentrations, in [,ug/mg].

In order to confirm source identification we have conducted an analysis of wind
trajectories, using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
from the USA's National Oceanic and Atmospheric Administration, NOAA (Rolph 2012).
We have constructed 24 h monitor-backward and source-forward trajectories to check
receptor model results; the NCEP meteorological database has been chosen with an explicit
modeling of the vertical wind velocity and initial trajectories have been set at 100 m above
ground level. Using this methodology we have found that:



34

a) The highest soil dust contributions to PMy, and PM, s happen when wind direction is S-
SSW-SW and soil dust is mixed with marine aerosol and copper smelter emissions — see

Figure 10 for January 15"
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Figure 10 Backward trajectories arriving at the monitor site on January 15", 2008.

b) When W-WNW winds enter Antofagasta's basin they move towards the monitoring site
bringing in contributions from Antofagasta, soil dust and cement plant emissions — see

Figure 11 for January 17"
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Figure 11 Backward trajectories arriving at the monitor site on January 17", 2008.

¢) When wind trajectories directly go from a source towards the monitor, the impacts of
such source on measured values are the highest and this is consistent with the outcomes of

the receptor modeling analysis for the very same day. For instance, this happens for the

cement plant emissions in December 29" (Figure 12) when the highest values of PM1, and

PM,s were recorded, for the mineral stockpiles and brine plant emissions on December

19™ — see Figure 13 — and for the copper smelter on January 3™ (Figure 14) when the

highest values of As were recorded in both PM size fractions.
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Figure 14 Forward wind trajectories departing from the copper smelter on January 3™, 2008.

We acknowledge that wind trajectory analysis may not be accurate when terrain
features like the coastal range are present. Hence we have checked the above analysis
using the local wind measured at the monitoring site for the campaign period. We show in
Figure 15 compass plots for December 19th and January 17th; it can be seen that in
December 19th there were five hours when wind direction was between 30 and 60°, that is,
from the location of the minerals stockpiles and the brine plant towards the monitoring
site; likewise in January 17" there were nine hours with wind direction between 270 and
300° thus bringing contributions from Antofagasta and cement plant emissions to the
monitoring site. Therefore, local wind data in Figure 15 are in agreement with the wind

trajectories shown in Figure 11 and Figure 13.
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Figure 15 Compass plots of local wind data for December 19th, 2007 and January 17th, 2008.

Inspection of correlation coefficients among {gik} source contributions to PM;s
shows that sulfate contributions are significantly correlated with the copper smelter and
Antofagasta contributions (p < 0.05); there is a negative — but not statistically significant
(p = 0.14) — correlation between sulfates and cement plant contributions. In addition, the
ratio S/P ~ 30 in the sulfates source profile (Table 4) is similar to values obtained for
copper smelters contributions to ambient PM, s at Santiago (Rojas et al. 1990; Héctor
Jorquera and Barraza 2012). Hence results suggest that sulfates in the PM 5 fraction come
mostly from the copper smelter emissions either as directly emitted sulfates or produced by
the oxidation of SOx emissions from that source.

One source that appears in PM;5 but not in PMyg is Antofagasta; this source was
characterized by high contents of carbonaceous and secondary aerosols (Table 4), species
that were only measured in the PM;s fraction. On the other hand marine aerosol is
resolved in the PMjo (Table 3) but not as a single source in the PM, 5 analysis; this result is

probably due to the small sample size analyzed with PMF3.0.

The anthropogenic source that contributes most at the PMy, size fraction is the

cement plant, followed by mineral stockpiles—brine plant and the copper smelter source.


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23t0015
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712015495%23t0015
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For the PMys fraction the relative order is cement plant, copper smelter (including
sulfates) and mineral stockpiles—brine plant sources; so most pollution come from local
sources and not from regional ones. Values of the soil dust contribution are higher than
those estimated at other locations in the same region — see Introduction section (2.3
section) — and we ascribe this result to the bare landscape in the study area as compared

with urbanized ground landscapes for the cities mentioned in the Introduction section.

The model receptor analysis shows that suspended soil dust is enriched with
elements of natural and anthropogenic origin: sodium chloride from marine aerosol, Ca
and sulfates from the cement plant, Cu, Zn, As and sulfates from the copper smelter, Zn,
Pb, S and Ni from the mineral stockpiles. All these elements deposit and accumulate on the
ground due to the lack of precipitation in this desert region and are easily suspended by the
local winds therein — see Figure 5; these soil dust accumulation and suspension
mechanisms are difficult to be modeled using source-oriented dispersion models.
Anthropogenic sources such as copper smelter, cement plant and minerals stockpile
emissions get mixed with suspended soil dust at the monitoring site. Wind trajectory
analysis and inspection of local winds have confirmed such interpretation — see Figure 11,
Figure 13 and Figure 15 and those in the Supplementary material.
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2.8. Conclusions

A short term campaign measuring chemical speciation in ambient PMy and PM 5
size fractions was conducted between December 17", 2007 and January 27", 2008 near
Antofagasta, a mid-size coastal city in northern Chile. The site is within a desert that

includes northern Chile and most of southwestern Per(.

Source apportionment was estimated by applying U.S. EPA's Positive Matrix
Factorization receptor modeling software - version 3.0 - to PM1, and PM, 5 size fractions.
Sources were identified by inspection of source profiles for key tracers, tracer ratios, local
winds and wind trajectory analysis. The relative contribution results for the PM, s fraction
are: cement plant: 33.7 £ 1.3%, soil dust: 22.4 + 1.6%, sulfates: 17.8 + 1.7%, minerals
stockpiles/brine plant: 12.4 + 1.2%, Antofagasta: 8.5 + 1.3% and copper smelter: 5.3 +
0.8%. For the PM1, fraction the contributions are: cement plant, 38.2 + 1.5%; soil dust,
31.2 + 2.3%; sulfide stockpiles/brine plant, 12.7 + 1.7%; copper smelter, 11.5 + 1.6% and
marine aerosol, 6.5 + 2.4%. Hence local sources contribute to ambient PM concentrations

more than distant sources (Antofagasta, marine aerosol) do.

Suspended soil dust has a mean contribution of 50 pg/m® to ambient PMy, and its
peak daily value is 104 ug/ms. For the fine fraction, the contributions are 9.3 ug/m3 and
31.5 ug/m°, respectively.
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3. SOURCE APPORTIONMENT OF AMBIENT PM;s IN SANTIAGO,
CHILE: 1999 AND 2004 RESULTS

3.1.  Highlights

e Regional copper smelters do contribute to ambient PM, 5 at Santiago.

e Marine aerosol often arrives at Santiago mixed in with anthropogenic sources.

e A 20-year reduction of PM,5 at Santiago is due to local and regional regulations.
e Regional sources must be further regulated for improving Santiago's air quality.

e Regional sources must be considered in cost—benefit analysis of regulations.

3.2.  Graphical abstract
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Figure 16 Graphical abstract: Source apportionment of ambient PM, 5 in Santiago, Chile: 1999 and 2004
results
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3.3. Abstract

A receptor model analysis has been applied to ambient PM, s measurements taken
at Santiago, Chile (33.5°S, 70.7°W) in 2004 (117 samples) and in 1999 (95 samples) on a
receptor site on the eastern side of the city. For both campaigns, six sources have been
identified at Santiago and their contributions in 1999/2004 are: motor vehicles:
28+2.5/31.2+3.4%, wood burning: 24.8+2.3/28.9+3.3%, sulfates: 18.8+1.7/16.2+2.5%,
marine aerosol: 13+2.1/9.9+1.5%, copper smelters: 11.5+1.4/9.7+3.3% and soil dust:
3.9+1.5/4.0+£2.4%. Hence, relative contributions are statistically the same but the absolute
contributions have been reduced because ambient PM, s has decreased from 34.2 to 25.1
ng/m*® between 1999 and 2004 at Santiago. Similarity of results for both data sets —
analyzed with different techniques at different laboratory facilities — shows that the

analysis performed here is robust.

Source identification was carried out by inspection of key species in source
profiles, seasonality of source contributions, comparison with published source profiles
and by looking at wind trajectories computed using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) from USA's National Oceanic and Atmospheric
Administration (NOAA); for the wood burning sources the MODIS burned area daily
product was used to confirm wildfire events along the year. Using this combined
methodology we have shown conclusively that: a) marine air masses do reach Santiago's
basin in significant amounts but combined with anthropogenic sources; b) all copper
smelters surrounding Santiago — and perhaps coal-fired power plants as well —
contribute to ambient PM;s; ¢) wood burning is the second largest source, coming from
residential wood burning in fall and winter and from regional wildfires in spring and

summer.

The results of the present analysis can be used to improve emission inventories, air

quality forecasting systems and cost—benefit analysis at local and regional scales.
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3.4. Introduction

The greater metropolitan region of Santiago, Chile (33.5°S, 70.7°W) is the 6th
largest South American city in population (6 million), and 39% of the country's inhabitants
lived there in 2002 (ECLAC: Economic Commission for Latin America 2012; INE:
Instituto Nacional de Estadisticas 2012). During fall and winter meteorological conditions
lead to pollutant trapping below a thermal inversion, raising all pollutant concentrations.
This poor air quality is caused by a combination of atmospheric emissions, the topography
of Santiago and specific meteorological conditions (Garreaud, Rutllant, and Fuenzalida
2002; Hector Jorquera et al. 2004; Mufioz et al. 2010; Mufioz and Alcafuz 2012; Rutllant
and Garreaud 2004).

The air quality monitoring network in Santiago has been expanded (since 2009) to
nine monitoring stations that cover the Greater Metro area of ~ 40 x 40 km of extension —
see Figure 17 — and all these stations measure ambient PM,s by means of tapered
element oscillating mass (TEOM) instruments. In addition, the Ministry of the
Environment operates Low-Vol samplers to conduct chemical analysis for integrated, 24-h
PM,s filter samples. There have been several studies that show how different chemical
components of ambient PM, s have evolved in the last years (P. Artaxo 1996; P. Artaxo
1998; Paulo Artaxo, Oyola, and Martinez 1999; Koutrakis et al. 2005; Rojas et al. 1990)
with decreasing trends in sulfur, lead and other anthropogenic elements.
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Figure 17 A map depicting the metropolitan region of Chile, major urban areas (gray shade), and Santiago's
ambient monitoring network (letters). The location of major SO, sources around Santiago are denoted by a
triangle, and their emissions are listed in the table.

The longest records of continuous ambient monitoring of PM,s in Santiago for
stations L, M, N and O in Figure 17 and Figure 18, show the evolution of daily (00 to 24 h
LST) averages of PM, 5 for 2000-2011 in those stations; there is a decreasing trend that is
explained by a continuous effort in environmental regulations. Nonetheless, annual
averages in 2011 are still above WHO guidelines. Station M is the one with the lowest
ambient concentrations and the other three sites show similar values. This difference is
explained by the location of monitor M on the Andes foothills, being frequently above of
the thermal inversion layer, departing from the monitoring network deployed down on the
valley; Gramsch et al. (Gramsch, E; Cereceda-Balic and Oyola, P; Vonbaer 2006) have
performed cluster analysis of ambient PMy9, PM,5 and ozone recorded at those four

stations and have confirmed such a different behavior for ambient pollutant concentrations.



46

Station L Station M
* *
+ * + $ =
ﬂE "|ﬂﬂ-+ 3 - } 2 . rﬁE 80 * & * o4 +
2 R ER L8 L e
= L3 DN W 601%
3] + i [ ]
E sot % é %é E 40
= =
s w 20
(] a
0 1]
01234567 8 9101 0123 45678 910M1
Year from 2000 Year from 2000
Station N Station O
150F% 3 150 g - s
- 3 E + H 5 : 4
2 100 t * . = 100} § §
5" 5"
o 50 o 50f
e 2=
S i ] E 1]
0 1 2 34567 8 91011 012345678 91011

Year from 2000

Year from 2000

Figure 18 Annual box plots of daily ambient PM, 5 concentrations at Santiago's stations L, M, N and O, in
[ug/m?], for the period 2000-2011.

Figure 19 shows a monthly boxplot of PM,s daily averages at those four
monitoring sites; it can be seen that the seasonality of ambient PM,s is high at all sites;
between May and July 50% of daily values exceeded 50 pg/m?® at the downtown and west
sides of the city whereas at station M the respective percentage is 25%. In fall and winter
the subsidence regime of the Pacific high is enhanced by coastal lows promoting strong
drainage flow from the Andes leading to pollution trapping in Santiago's basin (Gallardo et
al. 2002; Garreaud, Rutllant, and Fuenzalida 2002; Olivares et al. 2002; Rutllant and
Garreaud 2004) so near midnight pollution peaks at site O but reaches low values at site M
thus explaining the difference in daily PM, 5 concentrations across the city - see Jorquera
and Castro (Hector Jorquera and Castro 2010) for an inverse modeling of a fall season

episode.
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Figure 19 Monthly box plots of daily ambient PM, s concentrations at Santiago's stations L, M, N and O, in
[ug/m?], for the period 2000-2011.

In the diurnal period a valley-to-mountain circulation develops transporting air
masses from the city towards site M which can be considered a receptor of Santiago's
pollution plume most of the year (Rappengliick et al. 2000; Schmitz 2005). The exceptions
are the aforementioned subsidence episodes when a low thermal inversion blocks the
valley-to-mountain circulation and segregates station M from the rest of the city's air

quality network (Rutllant and Garreaud 2004).

The goal of this work is to conduct a source apportionment of ambient PM; s
concentrations at Santiago to identify major sources. The following sections of this paper
present a description of the ambient monitoring campaign, the receptor modeling approach,

the results of the analysis, a discussion and the final conclusions.
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3.5.  Methodology

3.5.1. Ambient monitoring campaigns

3.5.1.1. Santiago 2004 data

Ambient PM,s samples were collected with Low-Vol dichotomous samplers
operating at 15 L/min by the Autoridad Sanitaria de la Region Metropolitana
(www.asrm.cl). Data were taken at Las Condes, located in the eastern zone of the city (site
M in Figure 17). Samples were collected every day during fall and winter (April—
September) and every third day during spring and summer (October—March). From that
collection we have selected 117 filters so that all 2004 PM,s pollution episodes were
included; this means higher concentrations are overrepresented in this data base. We have
chosen this non-uniform sampling to obtain a detailed source apportionment for all PM;5
episodes recorded in 2004; nonetheless 27% of the samples analyzed belong to spring and
summer seasons and so source apportionment results are produced for all year 2004;
implications of the above sampling protocol are commented in the Discussion of results

section below.

The elemental analysis was conducted by X-ray fluorescence at the Desert
Research Institute, Reno, NV, USA. In addition local authorities monitor elemental (EC)
and organic (OC) carbon concentrations at the same site M with a Rupprecht and
Patashnick Series 5400 monitor. The monitor samples the ambient air for one hour, and
then performs a thermal analysis to determine the concentration of EC and OC contained in
the PM, 5 fraction.

3.5.1.2. Santiago 1999 data

This sampling campaign was conducted between July and November 1999 by

researchers of Sao Paulo University, with a total of 95 daily samples taken with Stacked


http://www.asrm.cl/
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23s0060
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23s0060
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Filter Unit, SFU samplers (Philip K. Hopke et al. 1997) operating at 17 L/min and using a
0.4-um pore size Nuclepore filter to collect the fine mode particles with aerodynamic
diameter below 2.0 pm (PM2g). Sampled volume was obtained with volume integrators
calibrated with Hastings Precision Mass Flowmeters, to within 1% accuracy. Black carbon
concentration was measured using an optical absorption technique, with a diffusion system
photometer. The filters were analyzed with proton induced X-ray emissions (PIXE) to
measure 20 trace elements (Mg, Al, Si, P, S, CI, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As,
Br, Sr, and PDb). Irradiation was performed at the LAMFI — Laboratorio de Anélise de
Materiais por Feixes I6nicos from the Institute of Physics, University of Sdo Paulo. More
details of the methodology can be found in Artaxo, 1996, Artaxo, 1998 and Artaxo et al.
1999. (P. Artaxo 1996; P. Artaxo 1998; Paulo Artaxo, Oyola, and Martinez 1999)

3.5.2. Receptor modeling methodology

Receptor models are mathematical procedures for identifying and quantifying the
sources of ambient air pollution and their effects at a receptor site, on the basis of
concentration measurements therein, without neither emission inventories nor
meteorological data (Willis 2000). In mathematical terms, the general receptor modeling
problem can be stated in terms of the contributions from p independent sources

to n chemical species measured in a set of m samples as follows (P K Hopke et al. 2006):

p
Xy = Z Gify + e
k=1

Equation 5

where Xij is the j-th species mass measured in the i-th sample, gik is the PM mass
concentration from the k-th source contributing to the i-th sample, fkj is the j-th species
mass fraction from the k-th source, eij is a model residual associated with the j-th species
concentration measured in the i-th sample, and p is the total number of independent
sources. The above equation stands for a mass balance for each measured species.
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In the positive matrix factorization (PMF) approach, non-negative constraints
upon fkj and gik are integrated into the computational process (Paatero 1997; Paatero
1999). PMF has been extensively applied to source apportionment of PMyo and PM;5 at
many places worldwide — see Paatero et al. (Paatero, P Hopke et al. 2005) and Reff et al.
(Reff, Eberly, and Bhave 2007) for a detailed bibliography. We use in this work PMF
version 3.0, available from U.S. EPA (U.S. Environmental Protection Agency 2012a); the

task of this computer software is to minimize the weighted sum of squares

2

Q= ii <Xij—igikfkj>/0ij]

i=1 1

j:
Equation 6

Where gj; is the estimated model uncertainty in the j-th species in i-th sample. This
model uncertainty must include the laboratory analytical uncertainty (see below), but it
also has a component that takes into account deviations from model assumptions:
variability in source profiles, number of sources, data contamination, etc. which is

expressed as an additional relative uncertainty in PMF3.0 (Reff, Eberly, and Bhave 2007).

Paatero et al. (Paatero, P Hopke et al. 2005) have shown how to explore the range
of potential solutions of Equation 6 varying a parameter named Fpeak: positive values
force most elements to lie on few source profiles, while negative values mean that most
source profiles are mixed thus they do not stand for “pure sources”; they suggest
varying Fpeak until no correlation among paired source contributions is evident, usually

when some points lay on either axis — the so called ‘edge points’.

The value of the analytical uncertainty — reported by the laboratory for each data
set — plus one third of the limit of detection was assigned as uncertainty to each measured
value. Values below the detection limit were replaced by half of the detection limit values,
and their overall uncertainties were set at 5/6 of the detection limit values, following the

approach of Polissar et al. (Polissar, Hopke, Paatero, et al. 1998).



3.6. Results

3.6.1. Mass concentration and chemical composition

The mass and elemental concentration data for the 2004 campaign are shown in
Table 6; recall that the sampling was non-uniform and more samples were taken in fall and
winter seasons when concentrations are higher — see Figure 19. A summary of results for
the 1999 campaign is shown in Table 7. Almost all species in PM,5s have decreased
between 1999 and 2004, this same trend has been found for downtown site N (Koutrakis et
al. 2005; Sax et al. 2007); the exception is potassium, a tracer of wood burning that has
increased between 1999 and 2004 at site M.

Table 6 Summary of PM,5 mass and elemental concentrations?, 2004 campaign.

Component Mean Std. dev. Minimum Maximum saNn::)Ic:efsb
PM,s 323 16.7 6.0 83.0 117
EC 1.5 0.9 0.2 5.9 65
ocC 7.3 2.8 2.9 15.3 65
Al 104 65 32 609 117
Si 194 89 53 497 117
38.6 19.9 35 134.5 117
950 548 133 3631 117
cl 31.2 43.6 1.2 258.5 117
K 244 108 74 625 117
Ca 92 37 29 239 117
Ti 9.7 3.7 2.3 22.2 117
\Y 0.5 0.3 0.3 1.5 63
Cr 1.7 1.2 0.1 5.4 116
Mn 11.9 7.0 1.4 41.1 117
Fe 244 90 84 578 117
Ni 0.4 0.3 0.1 1.6 112
Cu 19.3 9.0 3.7 52.6 117
Zn 46 26 6.5 127 117
As 10.3 6.6 0.6 29.9 110
Se 1.1 0.9 0.1 3.6 77
Br 10.8 7.6 0.7 33.9 117
Mo 2.8 1.9 0.2 11.2 113
Ba 7.9 4.0 1.3 21.7 116
Pb 18.9 10.4 0.3 46.5 117

2 All concentrations are in [ng/m®] except PM,s, EC and OC which are in [pg/m°].

B Below detection limit values are not accounted for in the statistics.
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Table 7 Summary of PM,5 mass and elemental concentrations?, 1999 campaign.

Component Mean Std. dev. Minimum Maximum No. of samplesb
PM,; 36.9 20.7 4.09 114 95
BC 5.87 2.97 0.56 15 95
Mg 86.9 68.2 14.2 385 30
Al 251 187 32.9 1687 95
Si 624 478 46.3 4305 95
15.3 6.38 6.87 36.8 59
1654 1031 180 4270 95
Cl 43.8 27.5 7.44 124 95
K 187 79.8 355 481 95
Ca 234 189 18.9 1757 95
Sc 10.6 6.12 1.63 31.2 48
Ti 32 18.5 4.18 160 95
\' 4.26 1.97 1.43 15.8 95
Cr 4.84 3.74 2.01 23 41
Mn 13.4 6.77 1.12 37.6 95
Fe 396 216 40.4 1850 95
Ni 1.58 0.66 0.57 3.06 23
Cu 29.6 14.7 2.29 74 95
Zn 41.6 22 4.08 98.4 95
As 28.6 30.4 0.84 119 95
Br 16.6 9.49 2.06 45.1 95
Sr 2.53 1.51 0.66 121 95
Zr 1.87 0.88 0.58 4.35 34
Mo 4.99 33 1.06 20.8 50
Pb 82.9 52.3 7.3 281 95

2 All concentrations are in [ng/m’] except and PM, 5 and BC which are in [ug/m®].
b Below detection limit values are not accounted for in the statistics.

3.6.2. Receptor modeling results for the 2004 PM, 5 data

We have run the receptor model for different number of factors and examined
source profiles looking for specific tracers/tracer ratios and to the seasonality of source
contributions to identify potential sources; then we have applied multiple linear regression
(MLR) to the daily concentrations of PM,5 using source contributions as independent
variables and checked whether the regression coefficients were positive and statistically
significant (p < 0.05). We have found that a six factor solution explains well the measured

PM3sconcentrations. The statistical results for the 15 species fitted are shown in Table 8.


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23tf0015
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Most fitted elements have regression coefficients (R%) greater than 0.8, except Ba and Cr

that were kept for they are tracers of mobile sources (Fujiwara et al. 2011).

Table 8 Regression diagnostics for a 6 factor solution, 2004 data.

Species Intercept Slope Std. error R?

Si 14.12 0.92 16.96 0.959
P -0.86 1.02 2.15 0.989
S 0.66 1.00 19.86 0.999
Cl 0.23 0.99 0.86 1.000
K 4.69 0.98 11.43 0.989
Ca 10.43 0.87 10.62 0.903
Ti 0.91 0.90 0.87 0.936
Cr 0.53 0.68 0.43 0.775
Mn 3.36 0.69 2.36 0.808
Fe 5.38 0.97 19.69 0.952
Zn 4.76 0.87 5.87 0.938
As 0.04 0.99 0.15 1.000
Br 2.00 0.76 2.64 0.830
Ba 2.14 0.67 2.15 0.613
Pb 2.20 0.85 3.87 0.840

Sensitivity analysis of this six factor solution were performed by varying the Fpeak
parameter — cf. Receptor modeling methodology (section 3.5.2). Following (Paatero, P
Hopke et al. 2005), we look for solutions that produce ‘edges’ in G-space scatter plots. We
have found that a solution with Fpeak = -0.15 is the most plausible one. Positive values
of Fpeak lead to G-space correlation coefficients higher than the base case results, hence
they were not considered as credible solutions. In other words PMF model results support
some amount of mixing of source profiles that we comment below in the Discussion of
results section (section 3.7). The source profiles, in ng/m® for the rotated solution
with Fpeak = -0.15 are shown in Table 9.
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Table 9 Source profiles [ng/m?] for a 6 factor solution, 2004 data (Fpeak = -0.15).

Species Motor vehicles Marine aerosol Copper smelters Soil dust Secondary sulfates b\clronci):g
Si 0.0 0.0 1.2 146.3 15.0 29.4
P 2.1 0.0 7.4 0.9 27.5 0.6
S 0.0 41.6 181.3 0.0 726.8 0.0
cl 1.3 28.7 0.0 1.3 0.0 0.0
K 0.0 14.5 0.0 60.6 14.7 153.0
Ca 17.9 0.0 1.7 58.4 54 7.3
Ti 1.5 0.1 0.0 6.0 0.7 1.2
Cr 13 0.0 0.0 0.3 0.0 0.0
Mn 7.6 0.0 0.0 3.9 0.1 0.0
Fe 106.8 2.6 7.8 103.2 8.1 13.2
Zn 34.5 0.0 0.0 6.0 4.3 0.0
As 0.1 0.0 9.6 0.0 0.0 0.0
Br 5.2 0.9 0.3 0.0 0.0 3.8
Ba 4.6 0.1 0.3 2.1 0.0 0.3
Pb 115 0.6 2.1 14 1.3 1.3

The first source has more than 60% of measured Pb, Ba and Mn and 75% of Cr and
Zn, all tracers of traffic emissions (Fujiwara et al. 2011). From this source profile we have
a ratio Zn/Fe = 0.32; similar ratios have been found in PM, s source profiles at the Chilean
cities of Temuco (0.34), Rancagua (0.31) and Iquique (0.31) by (Kavouras et al. 2001);
comparable results have been found in PMy, receptor modeling analysis at Quillota (0.31)
by (Hedberg, Gidhagen, and Johansson 2005). Thus, we have identified the first source as
motor vehicles. The second source has more than 95% of the Cl so we identify it as marine
aerosol reaching Santiago's basin; this has been confirmed by using wind trajectory
analysis (see Section 3.6.2.1 below). The third source has almost all As measured; for this
source the ratio S/As = 18.9 is close to the value 16.5 obtained for a copper smelter profile
in Rancagua by Kavouras et al. (Kavouras et al. 2001) and 14.6 for one copper smelter
profile in Quillota (Hedberg, Gidhagen, and Johansson 2005); therefore we identify this
source as the copper smelters surrounding Santiago (see Figure 17). The fourth source has
most of Si, Ca and Ti and has a ratio K/Fe = 0.59 that indicates soil dust emission (Malm et
al. 1994); this is confirmed by the ratio Si/Ca = 2.5 that compares well with the source
apportionment results of Kavouras et al. (Kavouras et al. 2001) for Rancagua (Si/Ca = 2.3).

The fifth source has most of sulfur so it is a secondary sulfate source with a profile
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dominated by sulfur in mass, like the ones identified in other cities near Santiago by
Kavouras et al. (Kavouras et al. 2001); the ratio S/P = 26.4 is quite similar to the value
29.7 found by Rojas et al. (Rojas et al. 1990) at Santiago for samples taken in the summer
of 1987. Finally the sixth source has more than 60% of potassium suggesting residential
wood burning and wildfire emissions. This kind of source profile varies according to the
vegetative species being burned (Chow et al. 2004), so comparisons are difficult to
establish with other source apportionment studies. Nonetheless, we have found order-of-
magnitude similarities for some elemental ratios. For instance the ratio K/Fe = 11.6
compares well with the value 14.1 found by Rojas et al. (Rojas et al. 1990) at Santiago;
likewise the ratio K/Br = 40 is similar to the value 58 found by Kavouras et al. (Kavouras

et al. 2001) at Rancagua for samples taken in 1998.

We have also checked the identified sources by making a stepwise regression of
elemental (EC) and organic carbon (OC), using the six source contributions as independent
variables — we did not use EC nor OC as inputs of the PMF model for the number of valid
data (65) was low compared with the total samples analyzed (117). The outcome of the

stepwise regressions is given in the following equation

EC=0.96 + 0.684G;

OC=4.04 + 244G, + 0.48G;, + 0.99Gg¢
Equation 7

Hence, EC is apportioned only to motor vehicles and OC is apportioned to motor
vehicles, wood burning and marine aerosol. This result implies that marine air masses pick
up emissions from rural areas upwind of Santiago where wood burning is customarily used
for cooking and space heating and where wildfires are frequent, especially in spring and

summer.

We have also inspected the weekly seasonality of source contributions — see

Figure 20 — motor vehicles and soil dust clearly decrease in weekends showing their
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traffic origin. Wood burning has an opposite trend: it rises slightly over weekends; since
the monitor site is within a residential neighborhood, people spend more time indoors over
the weekend and so increase their use of wood stoves for space heating in fall and winter
seasons. Finally, the regional sources — smelters, sulfates and marine aerosol — do not

have any clear weekly pattern for they depend upon synoptic scale dynamics.
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Figure 20 Box plots of estimated, ambient PM, s source contributions by day of the week, 2004 campaign.

The wood burning contribution increases in winter when ambient temperatures are
lowest — see Figure 21; by inspecting the MODIS burned area product

(http://firefly.geog.umd.edu/firemap/) we have checked that there were no wildfires in the

region in fall and winter 2004 — see Figure 22 and Figure 23 — hence such emission
must come from residential wood burning within the city; conversely in spring and
summer the high contributions of the wood burning source can be explained by regional

scale wildfires — see Figure 24 and Figure 25.
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Figure 21 Scatterplots of estimated, ambient PM, s source contributions versus mean daily temperatures,
2004 campaign.
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Figure 22 On May 2004 there was no presence of wildfires close to Santiago.
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Figure 23 On June 2004 there was no presence of wildfires close to Santiago
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Figure 25 Presence of wildfires close to Santiago on December 2004
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Regional sources do not have a correlation with ambient temperatures — see
Figure 21 — the negative correlation of temperature with motor vehicles is explained
because lower surface air temperatures are correlated with ground level atmospheric
stability (Rutllant and Garreaud 2004). The positive correlation of dust soil with ambient
temperatures is explained by regional winds that increase in spring and summer — when
the subsidence regime of the Pacific high brings in clear skies, warmer air and SW winds,
transporting soil dust onto the city and also because in fall and winter higher relative

humidity and rainfall reduce fugitive soil dust emissions.

3.6.2.1. Use of wind trajectory analysis to confirm source identification

In previous studies of source apportionment conducted at Santiago (P. Artaxo
1996; P. Artaxo 1998; Paulo Artaxo, Oyola, and Martinez 1999), up to five factors have
been found in ambient PM s, and in an earlier study by Rojas et al. (Rojas et al. 1990) at
Downtown Santiago six factors had been found in ambient PM,5; however our present
work is the first one in finding smelter contributions as single sources at Santiago. We
have verified these findings using wind trajectory analysis, using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph 2012) from USA's
National Oceanic and Atmospheric Administration (NOAA) to construct back trajectories
arriving at Santiago and forward trajectories departing from the smelters shown in Figure
17. We have selected several days with the highest contributions for each of the six factors
found and plotted forward and backward trajectories, running HYSPLIT using as input the
NCEP reanalysis dataset and the default option of modeling vertical velocities. We have
chosen wind trajectories departing at 100 m above ground level (AGL) to construct the
plots; trajectories computed at 300 and 500 m AGL have produced essentially the same

plots.

The sample date, the dominant source contributions according to the receptor
model and their estimated magnitudes in [pug/m®], and the responsible sources according to
HYSPLIT or MODIS are shown in Table 10. It can be seen that all three copper smelters

are responsible for the high contributions of the ‘smelter’ and *sulfates’ sources; depending
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on prevailing meteorology some days one or more smelter plumes arrive at site M — see
Figure 26 , Figure 27 and Figure 28 . For the soil dust we have only found one day with a
peak value, that correspond to a springtime SW circulation that brought marine air masses
traveling through rural regions SW of Santiago and carrying a soil dust signature — see
Figure 29. For the marine aerosol we have found several days with high chlorine values at
Santiago; most of them correspond to marine air masses that enter to Santiago's basin from
the W or WNW bringing air masses from the greater Valparaiso metro area and from the
Ventanas and Chagres industrial zones as well — see Figure 30 — this explains why sulfur
appears in the marine aerosol source profile; presence of potassium indicates that the
marine aerosol plume is mixed with wood burning from rural areas, coming from typical
residential (cooking, space heating) and agricultural (frost preventing) activities upwind of
Santiago. For the sulfates contribution, almost all of them are correlated with the smelter
source indicating their common origin. The receptor model is able to discriminate between
primary smelter emissions and secondary sulfates produced en route to Santiago, although
the latter could have also been produced from SO, emissions from coal fired power plants
near the Ventanas and Chagres smelters and from SO, sources closer to Santiago as well

— see Figure 17.



Table 10 Comparison of dominant source contributions and wind trajectory analysis for selected days, 2004
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campaign.

Date Domi.nan’F source Contri?ution, Iy senrcE Additionél
contribution [ug/m’] information

1/4/04 Wood burning 47 Regional wildfire MODIS

2/6/04 Wood burning 13.8 Regional wildfire MODIS

3/5/04 Sulfates 12.6 Chagres, Ventanas HYSPLIT

3/11/04 Sulfates 24.8 Caletones HYSPLIT

3/13/04 Sulfates 10.3 Ventanas HYSPLIT

3/29/04 Sulfates 8.3 Chagres HYSPLIT

4/6/04 Sulfates/smelters 8.0/2.4 Ventanas + Chagres HYSPLIT

111/1;8; Wood burning 11.2-10.2 Local wood burning MODIS

5/1-2/04 Wood burning 20.0-20.1 Local wood burning MODIS

5/16/04  Wood b./Sulfates 32.7/12.3 éi;angSOd b.+ MODIS, HYSPLIT

5/28/04 Smelters/Sulfates 8.4/16.5 Ventanas + Chagres HYSPLIT

6/6/04 Wood burning 22.3 Local wood burning MODIS, HYSPLIT

6/30/04 Marine aerosol 15.2 Ventanas + Chagres HYSPLIT

7/9/04 Marine aerosol 17.9 Ventanas HYSPLIT

7/26/04  Marine aerosol/sulfates  18.0/7.3 '(\:':Z gﬂri? fromocean+ ypyyr

8/11/04 Smelters/Sulfates 3.1/9.3 Ventanas + Chagres HYSPLIT

9/15/04 Smelters/Sulfates 9.5/10.8 Caletones HYSPLIT

10/22/04 Soil dust 3.9 SW flow from ocean HYSPLIT

10/24/04 Marine aerosol 7.4 SW flow from ocean HYSPLIT

11/23/04 Sulfates 8.4 Ventanas + Chagres HYSPLIT

11/29/04 Sulfates 6.0 Caletones HYSPLIT

12/29/04 Wood burning 13.8 Regional wildfires HYSPLIT, MODIS
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Figure 29 Forward trajectories starting at the copper smelters and backward trajectories from the monitor

site on March 11" 2004.
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4

( 6/30/2004

Figure 30 Backward trajectories arriving at monitor site on June 30" 2004.

Figure 31 shows a timeline plot of all six source contributions along the year; the
seasonality of motor vehicles, wood burning and soil dust sources is clearly seen and
regional contributions happen all year long. Table 11 summarizes the contributions to
ambient PM, s for the six sources identified; the values have been obtained using multiple
linear regressions where we have dropped the constant term for not being significant; the
six factor model explains 86% of the observed variance as measured by a linear regression
of modeled versus observed PM3s.
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Figure 31 Timeline plot of estimated, ambient PM, 5 source contributions, 2004 campaign.

Table 11 Source apportionment results for 2004 campaign.

Source Coefficient [ug/m’]  Std. dev. [ug/m’]
Vehicles 9.99 1.07
Wood burning 9.27 1.04
Sulfates 5.20 0.80
Marine aerosol 3.18 0.47
Smelters 3.12 1.06
zDust 1.29 0.76

3.6.3. Receptor modeling results for the 1999 PM, s data

Applying the same methodology as in Section 3.6.2, we have found again that a
six-factor solution explains well the measured PM, s concentrations. The statistical results
for the 15 species fitted are shown in Table 12. Most fitted elements have regression
coefficients (R?) greater than 0.9, except Cu (R? = 0.80).



67

Table 12Regression diagnostics for a 6 factor solution, 1999 data.

Species  Intercept Slope Std. error R?

BC 222.2 0.941 682.3 0.944
Al 9.3 0.953 18.3 0.990
Si 40.1 0.920 41.6 0.991
S 60.8 0.952 1451 0.979
cl 4.8 0.855 4.9 0.958
K -3.0 0.994 27.3 0.895
Ca 413 0.787 30.0 0.961
Ti -14 1.038 34 0.969
Mn 0.0 0.983 1.8 0.934
Fe -58 1.010 22.4 0.990
Cu 4.3 0.790 58 0.802
Zn 1.1 0.960 52 0.944
As 0.5 0.973 4.6 0.977
Br 0.6 0.938 21 0.946
Pb 9.4 0.835 12.6 0.924

Sensitivity analysis of this six-factor solution were performed by applying
the Fpeak parameter — cf. Section Methodology (section 3.5). The source profiles, in
ng/m?, for the rotated solution with Fpeak = -0.2 that was the most plausible solution are

shown in Table 13.
Table 13 Source profiles [ng/m®] for a 6 factor solution, 1999 data (Fpeak = -0.2).

o Woc_ad Copper Secondary Soil Marine Mgtor
burning smelters sulfates dust aerosol vehicles
BC 2022 118 583 292 589 2149
Al 2.5 16.7 7.6 165.1 28.1 29.8
Si 0.2 40.3 12.0 405.2 61.8 96.3
S 21.3 466 712 5.2 179 254
Cl 8.0 2.6 5.8 3.7 22.3 0.0
K 53.7 7.1 27.2 30.9 52.2 12.3
Ca 0.0 10.7 0.0 135.8 31.1 48.9
Ti 1.2 2.1 1.7 17.7 3.1 6.2
Mn 11 0.0 0.3 4.1 0.4 7.2
Fe 26.2 21.2 12.5 191.7 35.9 108
Cu 1.0 4.3 2.8 3.9 6.8 9.0
Zn 3.5 2.4 2.2 2.5 11.0 19.5
As 0.1 22.7 2.2 1.0 1.1 1.3
Br 8.2 0.4 1.6 0.0 3.0 3.1

Pb 35.2 2.0 0.7 0.2 6.7 339
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The first source has the highest K concentration and the second largest in BC; the
ratio K/Al for this profile is 21.5, close to the value of 18.3 reported by Rojas et al. (Rojas
et al. 1990) for a wood burning profile at Santiago, so we identify it as the wood burning
source. The second source has more than 90% of the As; the ratio S/As = 20.5 is similar to
the value 16.5 found for a smelter profile at Rancagua by Kavouras et al. (Kavouras et al.
2001), so we identify it as copper smelter plumes reaching Santiago's basin. The third
source has the highest S concentration measured so we identify it as the secondary sulfates
source. The fourth source has most of crustal elements (Al, Ca, Ti, and Fe); the ratio Al/Si
= 0.40 is closer to the values found by Kavouras et al. (Kavouras et al. 2001) for soil dust
profiles at Valparaiso (0.39) and Vifia del mar (0.42); the ratio Si/Fe = 2.1 is close to the
results obtained in that same work at Rancagua (2.6) and Vifia del Mar (2.0) hence this
fourth source is a soil dust emission. The fifth source has most of chlorine so it is a marine
aerosol plume mixed with wood burning (K) and sulfates. Finally the sixth source has most
of BC, Mn, Fe, Cu, Zn and Pb suggesting motor vehicle emissions; the ratio Mn/Fe =
0.067 in this profile is close to the ratio measured in the motor vehicle profile for the 2004
data (0.070, see Table 9, and to the value of 0.068 obtained by Kavouras et al. (Kavouras et
al. 2001) in Rancagua in 1998. These similarities confirm that this source is the motor

vehicle emission.

An inspection of weekly seasonality of source contributions — see Figure 32 —
shows the same patterns observed for the 2004 results, so the sources are the same ones
identified in the 2004 campaign data. Correlation of source contributions and ambient
temperatures also has a similar behavior as in the 2004 campaign; in Figure 33 the clear
correlations are for soil dust, motor vehicles and wood burning whereas all regional

sources show no clear trend with ambient temperatures.
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Figure 32 Box plots of estimated, ambient PM, 5 source contributions by day of the week, 1999 campaign.
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Figure 33Scatterplots of estimated, ambient PM, 5 source contributions versus mean daily temperatures,

1999 campaign.

Using HYSPLIT wind trajectories for the days with distinctively high contributions

from the six sources we obtain analogous results as before — see Table 14 for a summary
of findings and Figure 34, Figure 35, Figure 36 and Figure 37. Table 15 presents the
regression results and the six source contributions for the 1999 campaign data and Figure

38 presents a timeline plot of the source contributions for the campaign period. The

seasonality of local sources (vehicles, wood burning and soil dust) has the same pattern as

in the 1999 results; for regional sources no significant seasonality is apparent, like in the

2004 results. The six factor model explains 90% of the observed variance as measured by a

linear regression of modeled versus observed PM .
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Table 14 Comparison of dominant source contributions and wind trajectory analysis for selected days, 1999
data.

Date Domi.nan’F souree ig:’::iiution, Likely source(s) (—\dditionél
contribution 3 information
[ng/m’]
7/6/99 Smelters/Sulfates 18.7/7.3 Caletones, Chagres HYSPLIT
7/7/99 Smelters/Sulfates 19.7/3.1 Caletones HYSPLIT
7/9/99 Sulfates 26.0 Chagres HYSPLIT
7/10/99 Sulfates/Smelters 20.3/7.5 Chagres, Ventanas HYSPLIT
7/16/99 Smelters 10.3 Chagres HYSPLIT
Coast WNW of
7/19/99 Marine/Sulfates 17.9/8.2 Santiago + Ventanas + HYSPLIT
Chagres
7/28/99 Sulfates 18.1 Chagres, Ventanas HYSPLIT
8/3/99 Sulfates 30.6 Chagres HYSPLIT
8/8/99 Smelters 25.7 Chagres, Ventanas HYSPLIT
8/11/99 Marine/dust 16.8/13.5 Coast SW of Santiago HYSPLIT
8/16/99 Sulfates 18.2 Chagres, Ventanas HYSPLIT
8/19/99 Sulfates/Marine 8.6/13.4 Ventanas HYSPLIT
8/22/99 Smelters/Sulfates 12.6/6.5 Ventanas HYSPLIT
8/27/99 Sulfates 24.0 Chagres, Ventanas HYSPLIT
9/18/99 Smelters/Sulfates 17.3/9.0 Caletones HYSPLIT
9/26/99 Sulfates 18.2 Chagres HYSPLIT
9/30/99 Sulfates 20.7 Chagres, Ventanas HYSPLIT
10/5/99 Marine/Sulfates 12.9/5.2 Chagres HYSPLIT
10/7/99 Smelters/Sulfates 5.8/14.4 Caletones HYSPLIT
10/17/99 Smelters/Sulfates 12.5/18.0 Chagres, Ventanas HYSPLIT
10/23/99 Sulfates 18.0 Chagres HYSPLIT
10/27/99 Sulfates 13.3 Chagres, Ventanas HYSPLIT
11/4/99 Smelters/Sulfates 7.7/10.4 Caletones HYSPLIT

11/28/99 Smelters/Sulfates 18.2/10.7 Caletones HYSPLIT
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Figure 35 Forward trajectories starting at Ventanas and Chagres smelters on July 10" 1999.
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Table 15 Source apportionment results for 1999 campaign.
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Source Coefficient [ug/m’]  Std. dev. [ug/m’]
Vehicles 10.58 0.95
Wood burning 9.39 0.85
Sulfates 7.11 0.65
Marine aerosol 4.93 0.79
Smelters 4.35 0.52
Dust 1.50 0.57
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Figure 38 Timeline plot of estimated, ambient PM, 5 source contributions, 1999 campaign.
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3.7. Discussion of results

Robustness of the PMF3.0 solution was tested by adding or discarding species
considered in the receptor model. For the 2004 campaign data the two species with the
lowest R? values (Ba and Cr) were discarded one at a time and altogether yet the resulting
contributions were not statistically different from those shown in Table 11. For the 1999
data set the same analysis was done discarding BC concentrations and the resulting source

contributions did not change significantly with respect to those in Table 15.

We comment here on the choice of sampling more days in fall and winter 2004 (85
samples) than in spring and summer 2004 (32 samples). Since the long term average of
PM2s is a key metric to assess public health impacts, we have computed monthly averages
of the source apportionment results for 2004; with these averages we have estimated
source contributions to PM,s on an annual basis and compared them with the campaign
average results in Figure 39; the major changes occur for motor vehicles that reduce their
contribution to 27.5% and sulfates and dust that increase their contributions to 20.4% and
5.6%, respectively, with respect to the campaign average values. All changes shown in
Figure 39 are within the estimated uncertainties shown in Table 11 hence the non-uniform

sampling has a small effect on the relative source contributions estimated for 2004.
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Figure 39 Comparison of campaign average and annual average source contributions for the 2004 PM, 5
campaign.
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We have also estimated average source contributions for July through November
2004 to make a detailed comparison with the receptor model results for the 1999
campaign; Figure 40 shows that a clear reduction on PM;s has been achieved for all
sources between 1999 and 2004; this is consistent with the observed reduction in ambient
PM,5 at Santiago at that site: 34.2 and 25.1 pg/m® between 1999 and 2004, respectively,
for the integrated, 24 h filter samples.
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Figure 40 Comparison of July-November source contributions [ug/m’] for the 1999 and 2004 PM,s
campaigns.

Contribution of copper smelters to ambient PM, s has been detected before in the
chemical composition of ambient samples taken at Santiago (P. Artaxo 1996; P. Artaxo
1998; Paulo Artaxo, Oyola, and Martinez 1999) but it had not been quantified as a single
source contribution before. Dispersion of copper smelter emissions has been modeled at
the regional scale by Olivares et al. (Olivares et al. 2002), Gallardo et al. (Gallardo et al.
2002) and by Gidhagen et al. (Gidhagen et al. 2002); the first two works were focused on
SO, and sulfates and they did not produce an estimate of primary smelter contributions to
ambient PM,s. Gidghagen et al.'s work (Gidhagen et al. 2002) was focused on modeling
copper smelters As contributions to ambient PMy, in central and northern Chile; these
authors also carried out a source apportionment and found that As contributions from

copper smelters were far more important than As coming from soil dust suspension.
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Kavouras et al. (Kavouras et al. 2001) have conducted source apportionment studies at
several cities in Chile, and found at Rancagua — 80 km south of Santiago, see Figure 17
— a clear copper smelter profile accounting for 26% of ambient PM,5s. Hedberg et
al. (Hedberg, Gidhagen, and Johansson 2005) carried out source apportionment of ambient
PMyo in year 2000 at two small cities: Quillota (see Figure 17) and Linares, 300 km south
of Santiago. For Quillota — located at 20 km east of the Pacific Ocean — contributions of
the Ventanas and Chagres copper smelters to ambient PMy, were between 10 and 16%
depending on the season; since soil dust and marine aerosol contributions to PMj, were
significant we infer that the smelters contributions to ambient PM, s at Quillota must have
been higher that 20% that year. They have also estimated that the Caletones smelter was
impacting Quillota and we have found by using wind trajectory analysis that in some

meteorological conditions that indeed happens — see Figure 34.

Our results for July 6th-10th in Table 14 can be compared with those of Gallardo et
al. (Gallardo et al. 2002) who modeled contributions of the three copper smelters to
ambient sulfate concentrations measured at Downtown Santiago (site N in Figure 17). We
agree with them that on July 6th—7th the Caletones smelter is responsible for the measured
sulfate at site N and that on July 9th—10th the Caletones smelter is not contributing at all to
sulfates there. We also agree with those authors that under conditions of downslope
easterly wind the Caletones smelter plume can reach Santiago while the other two smelter
plumes cannot; our results in Table 10 and Table 14 support that interpretation and Figure
26 and Figure 34 show examples of such meteorological conditions.

In this work we explicitly quantify, for the very first time, smelters contributions to
ambient PM,5 at Santiago as two distinct sources: primary emissions and secondary
sulfates. Furthermore, we show that all copper smelters surrounding Santiago contribute to
ambient PM,s, depending upon meteorology. Sometimes W, NW or WNW winds
transport air masses from the Ventanas and Chagres smelters towards Santiago — see
Figure 30, — sometimes downslope easterly flow develops and the Caletones smelter
plume reaches Santiago — see Figure 34. Our estimate of primary smelter contribution at

Santiago in 1999 is 11.4 £+ 1.4%, a value significantly lower than the estimated primary


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23t0045
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23t0045
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contribution of smelters at Quillota for the PM 5 fraction in 2000 (Hedberg, Gidhagen, and
Johansson 2005); thus our results are consistent with the smelters' impact estimated at a
receptor closer to those sources. We also conclude that our results for the smelter
contributions at Santiago are lower bounds of actual contributions to ambient PM,5 at
populated areas (gray areas in Figure 17) closer to the copper smelters — recall that in
1998 copper smelters contributed with 26% of PM, s at Rancagua (Kavouras et al. 2001).
Comparison of annual As concentrations at Santiago — Table 6 and Table 7 — and those
of cities closer to the copper smelters (MMA: Ambiente Ministerio del Medio 2012) also

support this conclusion.

The sulfate contribution to PM 5 at Santiago has been reduced from 50% in the late
80s (Rojas et al. 1990) to ~ 19% in 1999 and ~ 16% in 2004. Regarding our estimates we
have to consider that SOx (SO, + SO3) emissions coming from the Ventanas and Chagres
industrial zones also include emissions from thermal power plants and several industries
located therein; furthermore there are also SOx sources near Santiago (see Figure 17).
Since the receptor model results cannot discriminate more than one sulfate source, a
feasible way to quantify all contributions to secondary sulfates at Santiago is to carry out
dispersion modeling of all SOx sources. Thus we acknowledge that our estimates of the
‘smelters’ + ‘sulfates’ contributions are upper bounds of the total copper smelters

contributions to ambient PM, 5 at Santiago.

We also conclude that part of the reduction in ambient PM,s at Santiago between
2000 and 2011 - see Figure 18 and Figure 40 - is a result of the increasing regulations upon
regional copper smelters and not from just regulating local sources at Santiago. Emissions
of SO, from the Caletones and Ventanas smelters have been decreasing between 1990 and
2011 (MMA: Ambiente Ministerio del Medio 2012), although As emissions have been
actually increasing between 2008 and 2011 (CODELCO 2012). Emissions from the
Chagres smelter have been reduced since 1990 as a consequence of an improvement in the
emission abatement process (Anglo American 2012). Since it is likely that all smelters
currently contribute to ambient PM, in the urban areas shown in Figure 17, we conclude

that further regulations are required upon those industrial sources.


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23f0060
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969712009941%23f0060
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Chlorine has been measured in ambient PM,5s samples at Santiago in previous
studies, but its origin had not been clearly identified before; in some cases it has been
found mixed with soil dust (Paulo Artaxo, Oyola, and Martinez 1999) or identified by
microscopic analysis (Rojas et al. 1990) but not quantified as a single source; in this work
we show that marine aerosol does intrude into Santiago's basin with SW, W and WNW
circulations. This marine aerosol is mixed with soil dust, wood burning from rural areas
and industrial emissions from copper smelters and coal-fired power plants — see Figure 29
and Figure 37 — this also explains why receptor model results show mixed source profiles
diagnosed by negative values of the Fpeak parameter in the PMF results. A dispersion
model may help in quantifying the relative contributions of sea salt, soil dust, wood

burning, etc. within the “‘marine aerosol’ source identified in this work.

Soil dust has long been recognized as a source in PMjs at Santiago, although
mixed with industrial and wood burning sources (Rojas et al. 1990; Paulo Artaxo, Oyola,
and Martinez 1999), so its contribution to total PM,s was an upper bound, estimated at
12% by Rojas et al. (Rojas et al. 1990) and at 15% by Artaxo et al. (Paulo Artaxo, Oyola,
and Martinez 1999). In this work we find a clearly distinctive soil dust profile that
accounts only for 4% of the PM,s mass, with a source profile that has little contribution
from traffic emissions like carbonaceous particles, Pb and Br and from other anthropogenic
trace elements. We think that our estimate is a sharper one because of the receptor model
used in this work: it is known that positive matrix factorization is able to resolve more
sources that alternate methods do (Willis 2000) because it poses the receptor model
problem in a different mathematical setting that other methodologies do (Paatero 1997).
This result for the soil dust contribution — and its seasonality — is also relevant for
constraining diffuse sources such as street dust suspended by traffic at Santiago (Hector
Jorquera and Castro 2010). We also acknowledge that the soil dust estimate for 2004 is not
a significant one (p = 0.11) but we have decided to keep it because it is usual that smaller
sources are difficult to be resolved by receptor models — perhaps more data points are
required for a robust estimate — and because its retention in the solution makes results

comparable for the 1999 and 2004 ambient campaigns.



80

Another implication of our results has to do with forecasting PM,s at Santiago:
current levels of daily ambient PM, s observed at Santiago — see Figure 19 — imply that
an early warning system needs to be implemented like the current operational PMig
forecast for Santiago (MMA: Ministerio del Medio Ambiente 2012). The results found in
the present work suggest that under specific meteorological conditions regional sources
may contribute to ambient PM,s in a non-negligible amount and that those specific
conditions may happen all year long — see daily PM,s values above 35 pg/m® in Figure
19 in spring and summer at all monitoring stations — this has to be considered in
developing PM, 5 forecasting systems. For instance, a forecasting approach based on local
correlation of CO and PM,s (Saide et al. 2011) may suffer from biases brought by
unaccounted regional sources. As another example the current ambient PMyo operational
forecast at Santiago (MMA: Ministerio del Medio Ambiente 2012) is based upon a
multiple linear regression using as predictors synoptic scale meteorology — which is
appropriate for including regional wind patterns - but without considering emission data
from copper smelters — a shortcoming likely to induce some forecast bias. Finally, in
order to properly model regional source contributions reaching Santiago a high spatial
resolution is needed to consider the complex terrain surrounding all three copper smelters
and their pathways towards Santiago, perhaps using an adaptive grid scheme to reduce

numerical diffusion (Garcia-Menendez et al. 2010).
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3.8. Conclusions

We have applied a receptor model analysis to integrated 24 h ambient PM;s
concentrations taken in 2004 (117 samples) and in 1999 (95 samples) at the same site in
Santiago. For both campaigns, the same six sources were found and their relative
contributions in 1999/2004 are: motor vehicles: 28 + 2.5/31.2 + 3.4%, wood burning: 24.8
+ 2.3/28.9 + 3.3%, sulfates: 18.8 £ 1.7/16.2 + 2.5%, marine aerosol: 13 + 2.1/9.9 + 1.5%,
copper smelters: 11.5 + 1.4/9.7 + 3.3% and soil dust: 3.9 + 1.5/4.0 + 2.4%. Hence relative
contributions are statistically the same but the absolute contributions have been reduced
because ambient PM, s has been reduced between 1999 and 2004 at Santiago. This is a
robust result because those two campaigns were conducted at different times and analyzed

with different techniques at different laboratory facilities.

This is the very first time that so many sources of PM,s have been clearly
identified in Santiago, especially copper smelters (primary emissions and secondary
sulfates) and marine aerosol. We have confirmed source identification by adding
information from wind trajectories computed using NOAA's HYSPLIT modeling tool and
the MODIS burned area product to check seasonality and location of wood burning
sources. Using this combined methodology we have shown that: a) marine air masses do
reach Santiago's basin in significant amounts, often combined with anthropogenic sources;
b) all copper smelters surrounding Santiago contribute to ambient PM,s; ¢) wood burning
is the second largest source, coming from residential wood burning in fall and winter and

from regional wildfires in spring and summer.

Since ambient PM, 5 at Santiago has been reduced from 1999 to 2011 — Figure 18
— this suggests that both local and regional sources must have decreased their emissions
and we have shown that this is the case for the 1999-2004 period — see Figure 40;
nonetheless there are still spring and summertime daily concentrations that exceed 35
ng/m® across the city, which suggests that regional sources still influence ambient PM, 5 at
Santiago.
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The results of the present analysis can be used to improve emission inventories, air
quality forecasting systems and cost—benefit analysis at local and regional scales. For the
mixed sources found — such as sulfates and marine aerosol — further source
apportionment may be accomplished by conducting dispersion modeling of the

participating sources.
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4. INDOOR PM;ys IN SANTIAGO, CHILE, SPRING 2012: SOURCE
APPORTIONMENT AND OUTDOOR CONTRIBUTIONS

4.1.  Highlights

e First source apportionment of indoor PM, s conducted at Santiago, Chile.
e Outdoor and indoor sources each contribute half of the measured indoor PM 5.
e Traffic and indoor cooking are the strongest sources of indoor PM3 5.

¢ Indoor concentrations of PM 5 were affected by socioeconomic status.

4.2.  Graphical abstract

Indoor Prvurl2 5 at Santiago, Spring 2012

7%

Il viotor Vehicles

Bl street dust
[Jsulfates

[]Cooking and ETS
[l Cleaning and cooking
Il ndoor dust

16%

Figure 41 Graphical abstract: Indoor PM, 5 in Santiago, Chile, spring 2012: Source apportionment and
outdoor contributions
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4.3.  Abstract

Indoor and outdoor PM, s sampling campaigns were carried out at Santiago, Chile
(6 million inhabitants, 33.5°S, 70.6°W) in spring 2012. A pair of samplers was placed
inside each household studied and an additional pair of samplers was placed at a fixed
outdoor location for measuring trace elements and elemental (EC) and organic carbon
(OC) in Teflon and quartz filters, respectively. A total of 47 households in downtown
Santiago were included in this study. Mean outdoor and indoor PM 5 concentrations were
19.2 and 21.6 pg/m®, respectively. Indoor concentrations of PM,s were affected by
socioeconomic status (p = 0.048) but no such evidence was found for PM 5 species, except
lead (p = 0.046). Estimated species infiltration factors were 0.70 (£0.19), 0.98 (+0.21), 0.80
(x0.12) and 0.80 (+0.03) for PM,5, OC, EC and sulfur, respectively. Estimated household
infiltration factors had a median of 0.75, mean of 0.78, standard deviation of 0.18 and
interquartile range (IQR) 0.67 - 0.86.

For the very first time, Positive Matrix Factorization (PMF3) was applied to an
indoor PM, 5 chemical composition data set measured at Santiago. Source identification
was carried out by inspection of key species and by comparison with published source
profiles; six sources were identified. Three of them were outdoor contributions: motor
vehicles with 5.6 (+0.7) pg/m?, street dust with 2.9 (£0.5) pg/m® and secondary sulfates
with 3.4 (£0.5) pg/m®. The indoor sources were: indoor dust with 1.6 (+0.3) pg/m®,
cleaning and cooking with 2.3 (+0.3) ug/m?®and cooking and environmental tobacco smoke
with 6.1 (+0.7) pg/m®. There is potential for further reducing PM, s population exposure in
the short term - by improving ventilation of indoor air and controlling indoor sources - and
in the long term - with filtration of outdoor air and household improvements to reduce air
change rates.
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4.4. Introduction

Indoor suspended particulate matter (PM) consists of ambient particles that
infiltrate indoors and remain suspended, particles emitted indoors (primary), and
sometimes particles formed indoors (secondary) through reactions of gas-phase precursors
emitted both indoors and outdoors (Weschler and Shields 1997). Outdoor particles can
enter indoor environments by convection (through an open window or by the air
conditioning system) or by infiltration through cracks and fissures in the housing envelope.
These two combined mechanisms determine the residence time of air — or its reciprocal,
the air exchange rate, AER — within a household. Outdoor PM,5 can be a significant
contributor to indoor particle concentrations, especially when AERs are high (Abt et al.
2000; Q Y Meng et al. 2005). When indoor sources are present, indoor PM concentrations
can be substantially higher than outdoor PM concentrations (Ruiz et al. 2010; Q. Zhang et
al. 2010). Indoor anthropogenic PM sources include smoking, cooking, unvented space
heaters, cleaning, washing and walking (Chao, Tung, and Burnett 1998; Abt et al. 2000;
W. X. Zhao et al. 2006; W. Zhao et al. 2007; Abdullahi, Karimatu L., Delgado-Saborit,
Juana Maria Harrison, Roy M. 2013).

Several mechanistic and statistical models have been applied to quantitatively
describe factors modifying indoor PM. There are two approaches that have been applied: i)
models that assume a well-mixed indoor air volume, like the steady state, single-zone mass
balance (Abt et al. 2000; Ott, Wallace, and Mage 2000), and ii) models that regard each
household as several compartments (rooms) which may or may not be well-connected
depending on when and how internal doors are opened. Both approaches are described in

the following paragraphs.

4.4.1. Single zone indoor air quality models

The single zone mass balance model describes households as completely mixed
flow reactors, where the indoor PM concentration depends on the outdoor PM
concentration in the following way (Abt et al. 2000; Q Y Meng et al. 2005):
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_PaCo+ 0
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Equation 8 single zone mass balance model

Ci =FineCo+Cic

Where C; and C, are the measured indoor and outdoor PM, 5 (ug/m®), respectively,
P is the penetration coefficient (dimensionless), a is the household air exchange rate (AER,
h™), Q, the rate of indoor generation and resuspension of PM (pg/h), k the rate of removal
of PM by reaction or surface deposition (h™), and V the household volume (m®). The term
Pa/(a+k) is called the infiltration factor (Fng) and it quantifies the fraction of Co that is
found indoors; C,g accounts for indoor-generated concentration. Contributions of outdoor
sources to indoor PM, 5 concentrations of 23-67% have been estimated in previous studies
(Abt et al. 2000; Q Y Meng et al. 2005).

The Random Component Superposition (RCS) statistical model (Ott, Wallace, and
Mage 2000) uses the linear regression of indoor on the outdoor PM concentration —
equivalent to Equation 8 — to estimate means and distributions of the outdoor and indoor
contributions to indoor PM concentrations. Other approaches include multivariate linear
regression and receptor models (Abt et al. 2000; Qing Yu Meng et al. 2007; W. X. Zhao et
al. 2006; W. Zhao et al. 2007).

4.4.2. Multi-zone indoor air quality models

Several approaches have been proposed to model the dynamics of indoor
concentrations due to spatial and temporal variation of indoor sources, internal and
external window and door opening activities, occupant's behavior, presence of air
conditioning systems, etc. (Klepeis and Nazaroff 2006; Sohn et al. 2007; Du et al. 2012;
Fabian, Adamkiewicz, and Levy 2012; McGrath et al. 2014). In this approach each

housing unit is regarded as a set of rooms connected by internal doors or windows.
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Briefly, multi zone models capture spatial and temporal variations in indoor
pollutants that provide more information that the single-zone model. However the
resources needed to apply those models are substantially higher: AERs need to be
measured for each room and for different combinations of window and door positions,
occupants' behavior and emission sources need to be resolved with high temporal and
spatial detail and some physical parameters — deposition losses — need to be validated

using actual measurements (McGrath et al. 2014).

4.4.3. Case study: Santiago, Chile

The greater metropolitan area of Santiago, Chile (33.5°S, 70.7°W) is the sixth
largest South American city in population (6 million inhabitants). Ambient PM, s has been
measured at Santiago since 1989. Despite steady economic growth, ambient PM;s
concentrations have continuously decreased in the last 24 years (Sax et al. 2007; Hector
Jorquera et al. 2004; Koutrakis et al. 2005; Moreno et al. 2010). Nonetheless, PM;s
ambient concentrations still exceed the World Health Organization (WHO) daily and
annual guidelines of 25 and 10 pg/m® respectively (WHO: World Health Organization
2005).

Figure 42 shows the evolution of ambient PM,s at four monitoring sites — from TEOM
data, uncorrected for volatile losses. The decrease in ambient PM, 5 across the city in the
last years is ascribed to improvements of the public transportation system at Santiago,
initiated in 2007,
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Figure 42 Trends in ambient PM, s measured at Santiago, Chile, 2000-2012 (TEOM uncorrected data). The
location of ambient PM, s monitors is presented in the next figure.

Several studies have shown how the composition of outdoor PM; 5 has evolved in
the last years (Paulo Artaxo, Oyola, and Martinez 1999; Sax et al. 2007; Koutrakis et al.
2005; Héctor Jorquera and Barraza 2012) with decreasing trends in sulfur, lead and other
anthropogenic elements. Few studies have characterized indoor PM;5 at Santiago; below

we summarize them.

Rojas-Bracho et al. (Rojas-Bracho et al. 2002) measured personal, indoor and
outdoor PM, 5 concentrations for school children in Santiago's central and NE areas. Each
participant carried a personal sampler, while Harvard Impactors (Marple et al. 1987),
located in their homes, simultaneously collected 24 h samples in the winter of 1999 (N =
20). They found a slope (Fing) of 0.61 (p = 0.0001) and an intercept (C i) of 18.9 ug/m® (p
< 0.0001) with R? = 0.54; the median 1/O ratio was 0.95 and 10% of ratios were above 1.6.

Ruiz et al. (Ruiz et al. 2010) measured 48 h indoor and outdoor concentrations of

PM3 5 and its chemical components in winter 2007 at downtown and NE areas in Santiago.
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A total of 16 households were measured — 13 apartments and 3 homes — to estimate
contributions of unvented space heaters to indoor air pollution. Average outdoor PM, s was
55.9 pg/m®, and average indoor PM,s varied according to the type of space heater used.
They found slope (Fing) values of 0.64, 0.94, 0.66, 0.63 and 0.66 for PM, s, EC, OC, S and
Al, respectively. The contributions of kerosene and LPG heaters to indoor PM, 5 were 44.2
and 18.6 pg/m°®, respectively. Elemental carbon (EC) was only generated by kerosene
heaters with an average of 9.3 ug/m* of PM,5 in those households. Organic carbon (OC)
was generated by kerosene and LPG heaters in concentrations of 6.5 and 4.9 ug/m?,

respectively.

Burgos et al. (Burgos, Ruiz, and Koifman 2013) compared indoor and outdoor
PM3s in the west side of Santiago where families were relocated from slums to public
housing apartments. The campaign was conducted in winter 2009 and 71 slum units and 98
public housing apartments were measured. Average 24 h indoor PM, 5 concentrations were
55.7 and 77.8 pg/m®, and ratios of average 1/0O values were 1.08 and 1.18 for public
housing and slums, respectively. They estimated an infiltration factor of 0.5 (x0.1) and the
following contributions to indoor 24 h PM, 5 concentrations (in pg/m®): allocation to public
housing was -10.4 (£5.1), smoking more than 3 cigarettes was 29 (x11), using biofuels was
25.6 (£10.0), and presence of an infant was -9.5 (+4.6). Negative numbers represent

negative contributors to these levels.

All these studies were conducted in the winter season when residential heating is
active and households restrict opening windows and doors to minimize heat losses;

therefore, air exchange rates are kept to their minimum possible values.

The goal of the present study was to conduct a source apportionment of indoor
PM, s at Santiago, Chile to identify the major contributing sources. The campaign was
conducted in springtime when residential heating is turned off and households are more

ventilated.
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Methodology

4.4.4. Indoor and outdoor monitoring campaigns

Two Partisol samplers (model 2000i Thermo Scientific, USA, 16.67 L/min) were
deployed on a building roof at downtown Santiago, to measure urban background PMs
levels in 24-h integrated filter samples from November 6th through December 22nd, 2012.
For this period of the year, the seasonal variation of outdoor PM 5 in Santiago is negligible
— as shown by Koutrakis et al.(Koutrakis et al. 2005) (Table 17) and Sax et al.(Sax et al.
2007) (Table 18). Traffic sources did not change in intensity during that period, showing

no traffic emission trends throughout the campaign.

In parallel, two TAS Minivol samplers (Airmetrics, Eugene, OR, USA, 5 L/min)
were used to collect 48-h indoor PM 5 integrated filter samples; this sampling period was
chosen to ensure we had enough material for all the required analysis planned for this
study. Before and after deploying the TAS samplers, their volumetric flow rate was
checked using a digital manometer (model 600-003, Airmetrics, Eugene, OR, USA). The
TAS samplers were located in the living room of each house at about 1.5 m above the
floor; the distance from the kitchen to the samplers varied for each household. The

samplers could not be placed in the bedroom because they were noisy.

At each household, one TAS was loaded with a Teflon filter (46.2 mm PTFE,
Whatman, NJ, USA) and the other with a quartz filter (47 mm, Tissuquartz 2500QAT-UP,
Pall Life Sciences, USA) for trace elemental masses and elemental carbon (EC) and
organic carbon (OC) quantification, respectively; a household and activity survey was
conducted as well. The protocol for the household survey and the consented information
letter were approved by the Ethics Committee of the Pontificia Universidad Catolica de
Chile Medical School. Continuous sampling of indoor temperature, relative humidity and
CO, concentrations was performed using portable sensors (HOBO, OnSet Computer
Corp., Bourne, MA, USA) and located next to the TAS samplers.
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The outdoor monitoring site was chosen on the roof of a six-story building in
downtown Santiago as representative of urban background conditions — see Figure 43 .
Participant households were selected as a subset of those included in the Platino project
(http://www.platino-alat.org/), which estimated COPD incidence in Latin American
countries. Fifty households were selected from the Platino database and were within a 7.5
km radius of the outdoor monitor location (Figure 44). Since Chile's income distribution is
quite uneven (ECLAC: Economic Commission for Latin America 2014) downtown
Santiago was selected because it is a zone where socioeconomic statuses may be more
evenly represented across households. In this work, status 1, 2 and 3 represent high, middle
and low income, respectively; poorer dwellings — like slums or publicly subsidized
housing — were not considered in this study. In six different households, one of the TAS
samplers had a battery discharged while measuring causing the loss of one exposed filter.
Consequently, a total of 47 households with PM, s mass and elemental concentrations were
included and 44 of them had complete measurements (including EC and OC

concentrations).

e ‘." A ¥ '. .»_-' .__;‘. % ‘h‘ 1 E = "-’
Figure 43 Aerial photograph of the outdoor sampling site and surrounding structures. Distances (m) to
elevated buildings are: A: 239; B: 152; C: 86; D: 134; E: 170; F: 190; G: 197; H: 249.
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The sampling campaign was conducted in the spring of 2012 so that no residential heating
sources of PM, s were active. Survey results showed that the average times windows and
doors were open were 11 and 5.3 h per day, respectively.

UTM North [m]
6290000 6295000 6300000 6305000

6285000

330000 335000 340000 345000 350000 355000 360000
UTM East [m]

Figure 44 A map depicting Downtown Santiago, the location of the outdoor monitor (black circle,
33°26°36.73°°S, 70°38727.52“W), a circle of 7.5 km radius around it and all households monitored (numbers
indicate socioeconomic status).

4.4.5. Filter analysis

Teflon filters were conditioned in a room with controlled temperature (20 = 2°C)
and relative humidity (35-40%) for 24 h before being weighted with a microbalance
(Sartorius, model Cubis-DF LSMO011, Goettingen, Germany) with a resolution of 1 ug.
Field blank filters — 10% of sampled filters — were also taken to the outdoor site and
households along with the exposed filters. All filters were enclosed in Petri dishes (gamma
radiation sterilized, VWR, USA), sealed with Teflon tape and placed within screwed

aluminum holders, stored in coolers and kept refrigerated at -20°C until analysis.

The elemental analysis was conducted by X-ray fluorescence (XRF) at Chester
Labnet Laboratory (Tigard, OR, USA) following method 10-3.3(U.S. Environmental
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Protection Agency 1999). For QA/QC purposes, XRF analysis were duplicated for at least
10% of the filters. EC and OC concentrations were measured at University of Colorado
Boulder using NIOSH870 method, which is a total optical transmittance (TOT) method.
Two blank samples were taken every day and a sucrose standard was added onto them for
calibration purposes. These results were compared with previous records to discard any
potential drift. Finally, 10% of the filters were punched twice for duplicate analysis. Blank
field filters were also analyzed and the detection limit (DL) of each species measured was
defined as three times the standard deviation of those blank results. All measured species
were blank corrected by subtracting median blank values from the laboratory reported

concentrations.

4.4.6. Receptor modeling methodology

In this study, the Positive Matrix Factorization method (PMF), a widely used
receptor model for ambient particulate matter samples, was applied. The theoretical basis
and practical implementation issues have been described elsewhere (Belis et al. 2013; Reff,
Eberly, and Bhave 2007). In this work, PMF version 3.0 (U.S. Environmental Protection
Agency 2004) was applied to the 44 households with complete concentration

measurements; thus there were no missing values in this analysis.
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4.5. Results

4.5.1. Mass concentration and chemical composition

Figure 45 summarizes the 24 h outdoor and 48 h indoor PM,5 mass concentration
data for the 2012 campaign and the associated socioeconomic status. The larger variability
of indoor PM,5 — o = 9 pug/m?® versus ¢ = 5.7 pug/m® for outdoor PM, s — indicates that
indoor concentrations were more heterogeneous in the sampled households than in the
outdoor samples. Moreover, maximum PM,s values clearly exceeded outdoor PM;s

levels.
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Figure 45 Box plots of PM, 5 concentrations for the 24 h outdoor, 48 h indoor and socioeconomic status
data categories.

Table 16 and Table 17 summarize the elemental composition data for 48 h indoor
and 24 h outdoor samples, respectively. The rightmost column reports the number of
samples that fell below the detection limit — henceforth denoted as BDL samples. Only

species whose BDL values were less than 45% of the total samples were reported here.
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Table 16 Summary of 48 h indoor PM, 5 elemental concentrations, 2012 campaign [ng/m*] (N = 47

households)

Species Min. Perc.25 Median Mean Perc.75 Max.  Stand.Dev. # BDL
oc® 2646 5210 6173 7091 7284 23,762 3547 0
EC® 288 938 1196 1227 1488 2017 395 0
Na 68 160 240 248 336 901 143 9
Mg 6 16 35 47 48 682 97 11
Al 26 67 98 107 124 633 87 2
Si 86 195 265 339 342 2244 359 2
S 251 303 440 512 557 1467 286 2
cl 8 19 41 82 98 543 108 2
K 34 105 136 170 199 639 102 2
Ca 59 109 139 252 179 5413 771 2
Ti 4.5 7.1 9.2 11.8 10.9 85.4 13.0 2
Mn 1.3 4.9 6.1 7.8 8.4 37.5 6.1 3
Fe 79 113 148 183 176 1399 190 2
Cu 2.5 5.1 59 7.3 7.7 30.6 51 2
Zn 10.2 14.5 18.1 28.8 32.8 134.7 26.3 2
As 0.2 0.2 0.9 1.1 1.6 4.8 1.0 16
Se 0.0 0.7 1.3 1.7 1.9 9.7 1.7 6
Br 0.6 1.8 2.3 2.6 3.0 8.0 1.6 8
Sr 0.2 0.5 0.8 0.9 1.1 7.7 1.1 12
Pb 0.7 2.8 4.6 10.5 7.5 247.5 35.5 7

®Whenever a given species had BDL samples, these values were replaced by half the detection limit before
statistics were computed.
® There are three missing values in EC and OC concentrations.
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Table 17 Summary of outdoor 24 h PM, 5 elemental concentrations, 2012 campaign [ng/m?] (N = 41

samples).
Species Min. Perc.25 Median Mean Perc.75 Max. Stand.Dev. #BDL®
oC 2400 3445 4280 4280 5078 6100 1046
EC 870 1180 1520 1583 1918 3160 510
Na 99 99 226 245 336 592 142 15
Mg 14 14 33 37 50 89 24 15
Al 24 102 128 147 181 497 83
Si 85 260 347 375 454 1192 195
S 209 431 597 706 897 1595 376
cl 7 35 53 97 134 563 108
K 58 106 146 160 196 459 77
Ca 64 148 177 199 221 687 113
Ti 4 10 13 15 16 63 10
\Y, 0.40 0.40 1.10 1.08 1.50 3.00 0.63 15
Cr 0.40 0.70 1.40 1.45 1.80 3.60 0.84 10
Mn 3.00 7.03 10.20 11.17 13.03 43.10 7.87
Fe 88 169 219 249 274 859 142
Ni 0.2 0.2 0.6 0.6 0.8 1.4 0.4 17
Cu 2.7 6.5 8.1 9.2 11.0 17.9 3.5
Zn 6.3 17.5 25.4 27.7 35.0 69.8 13.3
As 0.1 0.6 14 1.5 2.0 4.2 11 5
Se 0.2 1.2 1.8 3.7 2.4 63.0 9.6
Br 1.3 2.3 3.1 4.2 4.2 36.6 5.4
Sr 0.1 0.6 1.0 1.0 1.3 2.9 0.6 4
Pb 1.8 3.3 4.6 5.8 6.7 26.1 4.3

®Whenever a given species had BDL samples, these values were replaced by half the detection limit before
statistics were computed.

Kruskal-Wallis tests were ran to check whether socioeconomic status was
associated to changes in indoor PM, s species and no significant differences among the
three socioeconomic group medians were found. This was true for all species except PM; s
(p = 0.0478) and lead (p = 0.0460), as shown in Table 18. Then Wilcoxon rank sum tests
were also ran on pairs of groups and it was found that for PM,s, status 2 and 3 had a
significant difference in their medians (p = 0.0166). Likewise, for lead status 1 and 2
presented significant median differences (p = 0.0198). Finally, for sulfur a significant
difference between status 2 and 3 (p = 0.0351) was found. Table 3 reports the p values for
both tests and all species analyzed. Most indoor PM,s species show no significant


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S1352231014004609%23tbl2fna
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differences in median values by socioeconomic status; this may be ascribed to similar

cooking and cleaning activities across the sampled households.

Table 18 Results of the comparison tests for group medians, 2012 campaign.

Species Indoor socio-economic status comparisons O-l comparisons
Status 1, 2 Status 1/ Status 1/ Status 2 / b Higher
and 3° Status 2° Status 3° Status 3° (PREDs median?

PM, 0.0478* 0.2706 0.1969 0.0166# 0.2843

ocC 0.1349 0.4175 0.2184 0.0610 0.0000# I
EC 0.6549 0.4668 0.8582 0.4279 0.0003# 0
Na 0.1528 0.0805 0.3016 0.2332 0.9766

Mg 0.7734 0.6764 0.8266 0.4924 0.6325

Al 0.9876 0.9172 0.9367 0.8997 0.0004# 0
Si 0.6312 0.7552 0.2928 0.7053 0.0066# 0
S 0.1057 0.1637 0.8272 0.0351# 0.0031# 0
Cl 0.8026 0.7238 0.6479 0.5889 0.2204

K 0.2779 0.4669 0.4389 0.1171 0.9001

Ca 0.2364 0.4927 0.0916 0.3583 0.0021# 0
Ti 0.7354 0.9503 0.6623 0.4175 0.0000# 0
Mn 0.9207 0.7393 0.9525 0.7456 0.0003# 0
Fe 0.9194 0.9172 0.5920 0.9856 0.0000# 0
Cu 0.8335 0.7236 0.7206 0.6139 0.0002# 0
Zn 0.2378 0.2891 0.0954 0.5889 0.0663

As 0.3518 0.2237 0.7953 0.2181 0.1432

Se 0.6799 0.5596 0.3926 0.8568 0.0233# 0
Br 0.4856 0.2515 0.8270 0.3959 0.0033# 0
Sr 0.6911 0.4636 0.8253 0.5017 0.2576

Pb 0.0460* 0.0198# 0.0702 0.4823 0.7569

® Outcome from the Kruskal-Wallis test for three grouped samples; ‘*’ means the medians present significant
differences (p < 0.05).

® Outcome from the Wilcoxon rank sum test for two samples; ‘# means paired medians present significant
differences (p < 0.05).

The most abundant species — in all samples — were organic carbon, elemental carbon,
sulfur and crustal elements. Wilcoxon rank sum tests were ran for indoor and outdoor
samples for all species; these results are also presented in Table 18. For PM,s, Na, Mg, Cl,
K, Zn, As, Sr and Pb, the null hypothesis that both data have the same median values (p >
0.05) could not be rejected. For EC, Al, Si, S, Ca, Ti, Mn, Fe, Cu, Se and Br, outdoor

medians were significantly higher than indoor medians (p < 0.05); this result suggests that


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S1352231014004609%23tbl3fna
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all these species have no indoor sources. Finally, only indoor OC had median values
significantly higher (p < 0.05) than the corresponding outdoor values suggesting that there
were indoor source contributions to OC. This result is consistent with a large body of
evidence that indoor cooking is a substantial contributor to indoor PM; 5 and that its source
profile is dominated by organic carbon (Abdullahi, Karimatu L., Delgado-Saborit, Juana
Maria Harrison, Roy M. 2013). From Figure 46 to Figure 50, show box plots of indoor and

outdoor concentrations for all species; outliers are more frequent in indoor samples.
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Figure 49 Same as previous figure but for Fe, Cu, Zn and As (ug/m?).
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4.5.2. Indoor-outdoor relationships

Two consecutive outdoor, 24 h data sets were averaged to construct the outdoor
counterpart of each 48 h household data set. Then indoor to outdoor concentrations were
regressed — using Equation 8 — for PM,s and its measured components. A robust
regression fit was applied to minimize influence of outliers — likely coming from indoor
sources — on fitted parameters. The campaign was carried out in the spring, when warmer
temperatures promote frequent door and window opening, effectively increasing a and
decreasing the influence of k on F\ng. Since P and k still depend upon particle size and
household features (Abt et al. 2000; Riley et al. 2002), two different approaches (Qing Yu
Meng et al. 2005) to analyze the data were tried:

a) Fitting Equation 8 for each species and all households to obtain home-average Fnr
values.
b) Fitting Equation 8 for each household and all species to obtain F g estimates for each

sampled household.

In approach a) the variability in strength of indoor sources, household geometry,
occupants' behavior and location of PM, 5 sampler is smoothed out in the fitted parameters;

in approach b) each household captures that variability in the fitted parameters.

Table 19 shows results from applying approach a) to the indoor-outdoor species
data and Figure 51 shows robust fits for selected species. A robust linear fitting algorithm
— robustfit in MATLAB Release 2009 — was used (Street, Carroll, and Ruppert 1988).
The sharpest estimate of F\r was obtained for sulfur (t-ratio = 27.5) because it is a tracer
that has no indoor sources (Sarnat et al. 2002). This value (0.80 + 0.03) is similar to the
one reported by Meng et al. (Qing Yu Meng et al. 2007) of 0.78 £ 0.03 for households in
three regions of the USA. For PM,s the estimated value was 0.70 + 0.19, close to the
highest values reported in a literature review (Chen and Zhao 2011). For crustal elements
(Al, Si, K, Ti), F\ne values were lower because PM,s crustal particles have larger
diameters than sulfate particles; therefore, P decreased and k increased as compared with
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sulfur parameters. Some species had significant intercept estimates (p < 0.05), which meant
their concentrations had indoor-generated contributions. This was the case for Na, Mg, Si,

Cl, K, Ti and Fe, among others.

Table 19 Robust fit of Equation 8 for indoor species.

Species Intercept o pvalue  Slope g pvalue
PM,s 6.835 3.682 0.070 0.704* 0.194 0.001
oC 1.809 0.923 0.057 0.975* 0.213 0.000
EC -0.088 0.198 0.658 0.799* 0.119 0.000
Na 0.085*  0.030 0.007 0.595* 0.109 0.000
Mg 0.032* 0.011 0.007 0.011 0.283 0.969
Al 0.018 0.011 0.119 0.588* 0.069 0.000
Si 0.101* 0.042 0.020 0.484* 0.103 0.000
S -0.027 0.022 0214 0.798* 0.029 0.000
cl 0.033* 0.011 0.003 0.099 0.086 0.256
K 0.088*  0.026 0.001 0.334* 0.153 0.034
Ca 0.102 0.071  0.158 0.197 0320 0.541
Ti 0.004*  0.001 0.012 0.436* 0.083 0.000
Mn 0.005*  0.001 0.000 0.132 0.086 0.134
Fe 0.128*  0.025 0.000 0.077 0.094 0.418
Cu 0.005*  0.001 0.000 0.102 0.131 0.441
Zn 0.003 0.004 0.484 0.602* 0.139 0.000
As 0.000* 0.000 0.017 0.355* 0.108 0.002
Se 0.001* 0.000 0.000 0.148* 0.017 0.000
Br 0.002*  0.000 0.000 0.152* 0.035 0.000
Sr 0.000*  0.000 0.032 0.429* 0.154 0.008
Pb 0.002 0.003 0.478 0.407 0.465 0.386

®The “* symbol indicates significant results (p<0.05).
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Figure 51 Robust linear fit of Equation 8 for total PM, 5 and most of its component species

Figure 52 presents examples of scatter plots and robust fits that arise when
Equation 8 was fitted to a single household — approach b). Table 20 presents results for all
household fits; the estimated slopes (Fing) are all statistically significant (p < 0.05). The
median Fnr value was 0.75, mean = 0.78, ¢ = 0.18 and IQR = (0.67, 0.86). Five of the
estimated slopes were higher than 1.0 likely due to the limitations of the single-zone model
used Equation 8, which assumes that: i) a single outdoor site was representative of outdoor
PM s for all households measured, and ii) each household indoor air was well mixed. To
address the first issue, the estimated Fy= was plotted against the distance of each
household to the outdoor monitor — see Figure 53 — and no correlation was found,
meaning assumption i) was met. The estimated F g was also plotted against the household
surface — see Figure 53 — all those 5 households were among the larger ones, suggesting
assumption ii) was not met for those households. The assumption of well-mixed indoor air
requires frequent opening of internal doors and connectedness of multi-zones within a
given household. The five high slope estimates suggest that in those households the
measured indoor PM,5 at the living room is an underestimation of the actual average

household concentration.
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Despite these limitations the present estimates are similar to those obtained in

another study in which more data were collected — Meng et al. (Qing Yu Meng et al.

2007) — this is likely due to the small number of households at which model assumption

ii) was not met in the present study.

Indoor species, [pg.'ma]

10
= O  species
£ & robust fit 9
2
v Bf
)
(]
a
o 4
£
- 2/
o4 : : i i ' i
( 0.5 1 1. 2 2.5 3 35

Household N” 1

8
©  species
6} robust fit
o]
4}
2 3

0 1 2 3 4 5 6
Outdoor species, [ug/m’]

Household N° 26

Outdoor species, ng.‘m‘“’]

Indoor species, [pg.*m:’]

Household N” 14

O  species o]
robust fit

= KN W s~

1 1.5 2 25 3 3.5

Outdoor species, [ug/m’]
Household N° 34

2.5 r - v
o O species
L & bust fit
G s
;2 robu I
w 1.5F
2
2

o

2 1
e
£
2 0.5f

2 3 4 5 6
Outdoor species, [pg-‘m31

Figure 52 Examples of robust linear fit of Equation 8 for all measured species at selected households
(numbers are the same as in Table 20).
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Table 20 Robust fit results of Equation 8 for individual households.

Household Intercept o p value slope o p value R p value
1 0.069 0.14 0.621 1.17 0.10 0.000 0.757 0.0001
2 -0.018 0.02 0.477 1.16 0.02 0.000 0.992 0.0000
3 -0.001 0.03 0.983 0.66 0.03 0.000 0.928 0.0000
4 -0.008 0.04 0.857 0.96 0.04 0.000 0.981 0.0000
5 -0.003 0.02 0.898 0.82 0.03 0.000 0.980 0.0000
6 -0.003 0.03 0.919 0.85 0.03 0.000 0.980 0.0000
7 -0.001 0.03 0.977 0.73 0.03 0.000 0.979 0.0000
8 -0.003 0.04 0.923 1.06 0.05 0.000 0.955 0.0000
9 0.000 0.07 0.999 0.60 0.06 0.000 0.959 0.0000
10 -0.001 0.03 0.973 0.55 0.03 0.000 0.978 0.0000
11 -0.007 0.02 0.734 0.65 0.02 0.000 0.979 0.0000
12 0.001 0.03 0.968 0.55 0.03 0.000 0.975 0.0000
13 0.000 0.03 0.994 1.05 0.03 0.000 0.975 0.0000
14 -0.002 0.05 0.973 0.64 0.05 0.000 0.941 0.0000
15 -0.002 0.01 0.869 0.96 0.02 0.000 0.993 0.0000
16 0.007 0.03 0.800 0.69 0.02 0.000 0.983 0.0000
17 0.002 0.02 0.939 0.78 0.02 0.000 0.987 0.0000
18 0.003 0.02 0.879 0.70 0.03 0.000 0.948 0.0000
19 0.020 0.03 0.564 0.74 0.04 0.000 0.970 0.0000
20 0.003 0.04 0.932 0.77 0.03 0.000 0.980 0.0000
21 -0.004 0.03 0.881 0.70 0.02 0.000 0.987 0.0000
22 0.001 0.04 0.973 0.75 0.03 0.000 0.978 0.0000
23 -0.006 0.03 0.825 0.72 0.03 0.000 0.978 0.0000
24 -0.001 0.02 0.972 0.68 0.02 0.000 0.981 0.0000
25 0.004 0.04 0.915 0.65 0.04 0.000 0.963 0.0000
26 0.001 0.06 0.987 0.74 0.06 0.000 0.952 0.0000
27 -0.001 0.02 0.967 0.54 0.02 0.000 0.984 0.0000
28 -0.001 0.02 0.971 0.65 0.02 0.000 0.991 0.0000
29 0.000 0.02 0.992 0.83 0.02 0.000 0.987 0.0000
30 -0.001 0.03 0.980 0.30 0.03 0.000 0.968 0.0000
31 0.002 0.07 0.984 0.90 0.09 0.000 0.962 0.0000
32 -0.001 0.04 0.988 1.18 0.05 0.000 0.981 0.0000
33 0.006 0.03 0.823 0.89 0.02 0.000 0.985 0.0000
34 0.002 0.02 0.923 0.49 0.02 0.000 0.954 0.0000
35 0.001 0.02 0.977 0.84 0.02 0.000 0.989 0.0000
36 -0.003 0.02 0.860 0.87 0.02 0.000 0.989 0.0000
37 -0.003 0.03 0.932 0.85 0.03 0.000 0.976 0.0000
38 0.004 0.18 0.982 0.95 0.21 0.000 0.942 0.0000
39 0.002 0.02 0.927 0.74 0.02 0.000 0.982 0.0000
40 -0.005 0.04 0.898 0.78 0.03 0.000 0.971 0.0000
41 -0.002 0.04 0.949 0.78 0.04 0.000 0.960 0.0000
42 0.002 0.02 0.933 0.66 0.01 0.000 0.993 0.0000
43 -0.001 0.01 0.966 0.95 0.01 0.000 0.996 0.0000
44 0.000 0.03 0.998 0.78 0.03 0.000 0.980 0.0000
45 0.005 0.02 0.807 0.75 0.02 0.000 0.990 0.0000
46 0.001 0.13 0.994 0.73 0.13 0.000 0.950 0.0000

47 -0.001 0.03 0.975 0.68 0.03 0.000 0.979 0.0000
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4.5.3. Receptor modeling results for indoor PM; 5

A six-factor solution that explains 85% of the variability of the measured PMs

2
indoor concentrations was found. Most fitted elements have regression coefficients (R )
greater than 0.8, except Si (0.65) — see Table 21 . Table 22 presents the resolved source

: 3 i i :
profiles, in ng/m , for the six-factor solution; these are discussed next.

Table 21 Diagnostics for the 6-factor solution for indoor PM, 5.

Species Intercept Slope Std. error R? KS Test P Value
oC 1.46 0.76 0.78 0.92 0.12 0.58
EC 0.17 0.85 0.14 0.85 0.09 0.90
Al -0.02 1.21 0.02 0.95 0.06 1.00
Si 0.07 0.72 0.20 0.65 0.31 0.00
S -0.01 1.01 0.01 1.00 0.10 0.76
cl 0.00 1.03 0.00 1.00 0.14 0.32
K -0.01 1.04 0.01 0.99 0.08 0.95
Ca 0.11 0.20 0.03 0.96 0.20 0.06
Ti 0.00 0.73 0.00 0.80 0.20 0.05
Mn 0.00 0.93 0.00 0.92 0.09 0.84
Fe 0.02 0.86 0.03 0.98 0.08 0.93
Cu 0.00 0.84 0.00 0.89 0.12 0.56
Sr 0.00 0.83 0.00 0.85 0.11 0.65

3
Table 22 Source profiles [ng/m ] for a 6 factor solution, indoor PM, 5 data.

Species F1 F2 F3 F4 F5 F6
ocC 2408 961 2165 365 0 950
EC 155 155 840 41 6 10
Al 17 0 25 16 46 8

Si 44 6 63 52 134 23
S 122 58 71 250 4 0

cl 9.4 13.3 0.0 4.7 0.0 51.6
K 101 31 0 0 14 23

Ca 19 5 35 28 65 15

Ti 1.9 0.4 2.5 1.3 4.7 0.4
Mn 0.0 4.1 1.4 0.2 2.1 0.3
Fe 13 26 42 17 72 11
Cu 0.1 3.4 1.7 0.0 1.6 0.3
Sr 0.0 0.0 0.0 0.4 0.3 0.1

The first source (factor) is dominated in mass by carbonaceous particles and it has a
high OC/EC ratio (15.5) that suggests it is the indoor cooking source; there is a high
percentage of K in this source (60%). OC, EC and potassium are also tracers of
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environmental tobacco smoke (ETS) (W. Zhao et al. 2007; W. X. Zhao et al. 2006) and in
11 of the 44 households analyzed, people acknowledged smoking habits. Hence, this
indoor source was identified as a mixture of cooking and ETS. The second source was
dominated in mass by OC and it had the highest percentage of Mn and Cu, which are
accepted tracers of traffic sources (Pant and Harrison 2013). Since it also had crustal
elements, this source was identified as suspended street dust. The third source identified
had 70% of the measured EC, more than 30% of OC, more than 14% of Al, Si, S, Ca and
Ti — tracers of suspended street dust and tire wear — and more than 17% of Mn and Cu,
tracers of traffic emissions (Pant and Harrison 2013). The OC/EC ratio was 2.58 and more
than 92% of the mass in this profile was explained by OC and EC — see

Table 23 — so this source was identified as motor vehicles. The fourth source identified
had 49% of sulfur so it was a secondary sulfate source with a profile dominated by sulfur
in mass; this source had already been identified for Santiago in 1999 and 2004 by Jorquera
and Barraza (Héctor Jorquera and Barraza 2012). The fifth source was dominated in mass
by crustal elements, so it represents a suspended indoor soil; it has the largest
concentrations of Al, Si, Ca, Ti and Fe. Support for this identification comes from the
ratios Si/Ca = 2.1 and Al/Si = 0.34 similar to the values 2.5 and 0.40, found in Santiago in
2004 and 1999 outdoor samples, respectively (Héctor Jorquera and Barraza 2012). The
sixth source had more than 65% of the CI, which suggests cleaning activities and drinking
water use; chlorine-based cleaners are often used in Santiago's households. Organic carbon
dominates this profile in mass and it is ascribed to activities like boiling water and cooking.
Similar indoor source profiles have been obtained by Zhao (W. X. Zhao et al. 2006; W.

Zhao et al. 2007) in three US locations. This source was denoted as cleaning and cooking.



Table 23. Contribution of species to total factor mass (%) for the six factor solution, indoor PM,s.

Species F1 F2 F3 F4 F5 F6
ocC 83.3 76.2 66.7 47.1 0.0 87.0
EC 5.4 12.3 25.9 53 1.7 1.0
Al 0.6 0.0 0.8 2.0 13.1 0.7
Si 1.5 0.5 2.0 6.6 38.5 2.1
S 4.2 4.6 2.2 32.2 1.1 0.0
cl 0.3 1.1 0.0 0.6 0.0 4.7
K 3.5 2.5 0.0 0.0 3.9 2.1
Ca 0.7 0.4 1.1 3.7 18.7 1.4
Ti 0.1 0.0 0.1 0.2 1.3 0.0
Mn 0.0 0.3 0.0 0.0 0.6 0.0
Fe 0.4 2.0 1.3 2.2 20.6 1.0
Cu 0.0 0.3 0.1 0.0 0.5 0.0
Sr 0.0 0.0 0.0 0.0 0.1 0.0

The above three indoor source profiles (1, 5 and 6) were expected to be each a combination
of several sources because they represent average profiles for all 44 households analyzed.
For instance, they had similar Al/Si ratios suggesting suspended soil was present in all
profiles. Potassium — a tracer of ETS but also of soil dust — is present in those three
sources, suggesting more potential mixing of sources. To check the presence of ETS in the
indoor source profiles, box plots were constructed of each indoor source contribution

versus a categorical variable that was 1 or 0 depending on whether a household had a

smoker resident or not.

Figure 54 shows those plots; only source 1 showed a systematic shift to higher values for

households with smokers. This supports the identification of source 1 as a mixture of

cooking and ETS and that ETS did not appear in sources 5 and 6.
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Figure 54 Boxplots of source contributions G;, Gs, and Gg (ug/m°) versus households without (0) or with
(1) smoker occupants.
A linear regression of indoor PM, 5 concentrations against the source contributions

produced the average contributions of the above six sources that are shown in Table 24; the

adjusted R2 value is 0.85 so the six factor solution explains 85% of variance in indoor
PM.s. Traffic (motor vehicles and suspended street dust) was the highest source with 39%
of indoor PM,s, followed by cooking and ETS (28%), sulfates (15%), cleaning and
cooking (10%) and indoor dust (8%). Receptor model performance was considered good
given the variability in PM,5 indoor sources that was described with 3 factors for the 44

households. Combined outdoor sources contributed to 54% of indoor PM,, 5 concentrations.

Table 24 Source apportionment results for indoor PM, 5, 6-factor solution.?

Source Coefficient [pg/m’] Std. dev. [ug/m’]
Cooking and ETS 6.1 0.7
Street dust 2.9 0.5
Motor vehicles 5.6 0.7
Sulfates 34 0.5
Indoor dust 1.6 0.3
Cleaning and cooking 2.3 0.3

% All estimated coefficients have p values <107 Linear regression was carried out without considering an

intercept term.
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4.6. Discussion of results

The infiltration factors — F g in Equation 8 — obtained here were higher than the
ones estimated in previous studies for Santiago in the cold season (see section 4.4.1). This
difference is ascribed to the higher values of a in Equation 8 for the spring campaign
described here, when windows and doors are more frequently opened which led to higher
values of Fyg than in previous winter campaigns at Santiago. The estimates reported here
— Table 19 — are slightly higher than those reported by Meng et al. (Qing Yu Meng et al.
2007) for USA households: Zn (0.54 = 0.03) and S (0.76 + 0.03); hence the present results
are consistent with the expected seasonal increase of AERs and consequent rise in Fing in
Equation 8, when compared with results from other studies that have used the same single-

zone model to analyze data.

The present study had a limitation in that indoor PM,5s was sampled only at the
living room in each household. When more detailed analysis of inter-zonal airflow within a
household are considered, indoor PM,5 concentrations show spatial gradients, especially
when internal doors and windows are kept closed and indoor sources are on. In this
extreme case, McGrath et al. (McGrath et al. 2014) showed that a time scale of 4 h is
needed in order to propagate (and dilute) peak concentrations from the room with
emissions to the other rooms. The sampling period of 48 h used here smoothed out those
differences within rooms, especially considering outdoor air infiltration. Du et al. (Du et al.
2012) showed that inter-zonal airflow is relatively less important as compared with outdoor

airflow infiltration whenever household AERs are high — their measured AERs had an

IQR of 0.32-0.90 h'l. In this present campaign, AERs were not measured at Santiago but

an estimate can be made from the average summertime AER measured in California in the

RIOPA study (YYamamoto et al. 2010) which was 1.13 h_l; therefore, the present campaign
was conducted in a scenario in which spatial gradients should have been modest for 48 h
average indoor PM,s concentrations. Klepeis and Nazaroff (Klepeis and Nazaroff 2006)
have shown through detailed simulations for a household with all outside windows closed

that single-zone model values — i.e. Equation 8 — are within 20% of simulated multi-
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zone results when air conditioning is intermittently used. A similar increase in household
ventilation should have happened in the present study when occupants opened doors and
windows — see Figure 55 — hence it is concluded that the single-zone model was
adequate to analyze household indoor PM, 5 and its relation with outdoor concentrations in
the present study.
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Figure 55 Histograms of hours per day with windows and doors open for all households included in the
springtime campaign.

In summary, outdoor and indoor sources each contribute half of the measured
indoor PM,s; there is potential for further reducing PM,s population exposure by
improving ventilation of indoor air (55% of households in the present study did not have a
range hood), filtration of outdoor air, reducing household AER and controlling indoor
sources like smoking, cooking or lighting incense. For instance, Singer et al. (Singer et al.
2012) estimated a 55% of removal efficiency for working range hoods in California homes,
Fabian et al. (Fabian, Adamkiewicz, and Levy 2012) estimated that a working kitchen fan

reduced PM 5 originated from cooking by 17 (ug/m3) in average in Boston public housing
apartments and MacNeill et al. (MacNeill et al. 2012) estimated mean Fnr values of 0.26-
0.36 for PM,5s — roughly half of the values found at Santiago — in tightly built homes in
Windsor, ON, Canada.
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47. Conclusions

A springtime indoor PM,s campaign was carried out at Santiago, Chile in 2012,
including 44 households — three different socioeconomic statuses — in the downtown
area. Indoor concentrations of PM, 5 were affected by socioeconomic status (p = 0.048) but
no such evidence was found for PM, 5 species, except lead (p = 0.046); we acknowledge

this result is valid only for the warm season.

An urban background site was used to monitor outdoor PM,s during the same
period as in the indoor campaign. Then the single-zone indoor air quality model —
Equation 8 — was applied to estimate infiltration factors that quantify what fraction of
outdoor species is found indoors. Estimated values for this study were higher than the ones
estimated at Santiago in the cold season — reflecting AER seasonality — yet similar to
other studies with more households analyzed (Qing Yu Meng et al. 2007). Individual
household infiltration factors had values higher than in developed countries where tighter
household envelopes are built; five of the households measured had values higher than 1.0
and this is ascribed to departures of the single-zone model assumptions. This is a limitation
of the present study that may be removed by applying multi-zone models in future studies.

For the first time, Positive Matrix Factorization (PMF3) was applied to an indoor
PM,s chemical composition data set measured at Santiago. Six sources of key species
were identified; three were outdoor sources: motor vehicles, street dust and secondary
sulfates and three were indoor sources: indoor dust, cleaning and cooking and
environmental tobacco smoke; outdoor and indoor sources each contribute to half of the
measured indoor PM,s. There is potential for further reducing PM 5 population exposure
by: a) short-term interventions such as improving ventilation of indoor air and elimination
of indoor sources like candle and incense lighting, and b) long-term initiatives such as

reducing household AER and the filtration of outdoor air.
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5. CHEMICAL SPECIATION AND SOURCE APPORTIONMENT OF FINE
PARTICULATE MATTER IN SANTIAGO, CHILE, 2013

5.1.  Highlights

e Strong seasonal trends in PM» 5 and source contributions, highest levels in winter
e In winter, the most important sources of PM, s were wood smoke and nitrate.

e In fall and winter, wood smoke contributed around 60% of OC and 20% of PMs.
e Secondary inorganic ions accounted for about 30% of PM, 5 in fall and winter.

e Secondary organic aerosols contributed significantly to PM, s in summer and spring.

5.2.  Abstract

Santiago is one of the largest cities in South America and has experienced high fine
particulate matter (PM25) concentrations in fall and winter months for decades. To better
understand the sources of fall and wintertime pollution in Santiago, PM,s samples were
collected for 24 h every weekday from March to October 2013 for chemical analysis.
Samples were analyzed for mass, elemental carbon (EC), organic carbon (OC), water
soluble organic carbon (WSOC), water soluble nitrogen (WSTN), secondary inorganic
ions, and particle-phase organic tracers for source apportionment. Selected samples were
analyzed as monthly composites for organic tracers. PMj,s concentrations were
considerably higher in the coldest months (June-July), averaging (mean + standard
deviation) 62 + 15 ug/m® in these two months. Average fine particle mass concentration
during the study period was 40 + 20 pg/m®. Organic matter during the peak winter months
was the major component of fine particles comprising around 70% of the particle mass.
Source contributions to OC were calculated using organic molecular markers and a
chemical mass balance (CMB) receptor model. The four combustion sources identified
were wood smoke, diesel engine emission, gasoline vehicles, and natural gas. Wood smoke

was the predominant source of OC, accounting for 58 + 42% of OC in fall and winter.
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Wood smoke and nitrate were the major contributors to PM,s. In fall and winter, wood
smoke accounted for 9.8 + 7.1 ug/m* (21 + 15%) and nitrate accounted for 9.1 + 4.8 pg/m?
(20 £ 10%) of fine PM. The sum of secondary inorganic ions (sulfate, nitrate, and
ammonium) represented about 30% of PM, s mass. Secondary organic aerosols contributed
only in warm months, accounting for about 30% of fine PM during this time.
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5.3. Introduction

Large urban cities in Latin America, like Santiago (Chile), Sao Paulo (Brazil), and
Mexico City (Mexico), have been facing serious air pollution problems because of
population and industry growth, as well as increasing numbers of motor vehicles (Bell et
al. 2006). Numerous studies have shown the negative effects on human health resulting
from high levels of particulate matter, such as respiratory problems and premature death
from cardiovascular disease (Analitis et al. 2006; Douglas W Dockery and Stone 2007;
Pope and Dockery 2006; Pope et al. 2004). Due to the evidence of these adverse effects,
the World Health Organization (WHQO) recommends a 24-h standard of 25 ug/m3 for PM5 s
(WHO: World Health Organization 2005), which are particles with an aerodynamic

diameter of less than 2.5 um.

Santiago is the largest city in Chile and has about 6 million inhabitants
(approximately 40% of the Chilean population). Santiago is located in subtropical South
America (33°27'S, 70°40'W) between a coastal range to the west (height ~ 1000 m.a.s.1.,
meters above sea level) and the Andes mountain range to the east (heights above 3000
m.a.s.l.). Transport of pollution in Santiago's basin is controlled by the surrounding
topography, persistence of subsidence conditions and associated low mixing heights
(Mufioz et al. 2010), and thermally driven winds that peak in the warmer months.
Southwesterly winds occur during daytime both in winter (Rutllant and Garreaud 2004)
and summer (Schmitz 2005; Viale and Garreaud 2014). In summertime conditions,
pollutants from Santiago are transported towards the northeast out of the basin by up-slope
winds reaching up to 4000 m (Schmitz 2005). The climate is Mediterranean with dry
spring and summer seasons and wet fall and winter seasons as shown in Table 25 for year
2013.



Table 25 Monthly meteorological data measured at the Meteorological Service station closest to the receptor site.
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Wind direction / speed

Month Temperature(°C) Relative humidity (%) Cloud Cover (oktas) (knots) Precipitation
Mean Max 1h Min 1h 08 LST 14 LST 08 LST 14 LST 08 LST 14 LST Total (mm)

January 21.5 36.2 12.6 82 41 1.7 1.6 CALM /0O SW/6

February 21.1 35.5 10.0 78 35 1.6 1.9 CALM /0 SW/5

March 17.9 32.2 8.6 82 35 1.6 1.8 CALM /0O SW/5

April 14.6 31.8 5.0 85 37 3.4 2.5 NE /2 SW/4

May 10.8 26.6 0.8 88 47 3.5 3.6 CALM /0O SW/4 116.5

June 9.5 24.4 -0.6 88 48 2.6 2.8 NE/3 SW/2 36.2

July 8.5 24.4 -3.5 91 53 3.6 4.2 NE /2 SW/3 7.3

August 9.3 29.4 -0.5 90 51 4.2 3.5 E/3 SW/3 33.3

September 111 27.8 -1.6 81 41 4.7 4.1 CALM /0O SW/4 9

October 14.8 29.9 4.8 77 37 3.4 3.0 CALM /0 SW/6

November 17.0 33.0 7.2 70 34 1.8 1.6 SW/3 SW/6

December 20.7 35.0 7.7 39 37 1.0 0.9 CALM /0 SW/7
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The city has been facing air pollution problems for more than three decades. The
poor air quality is believed to be the result of the growing industrial sector, fast growing
population, and increased number of motor vehicles (Ministerio de Transporte 2014),
worsened by the aforementioned geophysical constraints for pollutant dispersion in
Santiago's basin: in fall and winter seasons subsidence conditions induce thermal inversion
layers that increase ambient levels of pollutant concentrations and produce a characteristic
seasonality of air quality in the city (Didyk et al. 2000; Héctor Jorquera, Palma, and Tapia
2000; Sax et al. 2007; Tsapakis et al. 2002).

The Chilean government has been implementing regulations in recent decades to
control air pollution in Santiago (Héctor Jorquera, Palma, and Tapia 2000; Mena-Carrasco
et al. 2014). Efforts have been directed at modernizing the public transport system by
replacing old buses with lower-emission buses, using cleaner fuels (including the removal
of lead from gasoline in 2001), and reducing the sulfur level in diesel fuel. Policies for
emissions reduction from industrial sources were also promulgated, along with street
sweeping and cleaning programs to reduce fugitive dust emissions. Contingency measures
are implemented every year from April 1 to August 31 (fall and winter) for high pollution
events that include activity restrictions on vehicles, industries, residential wood stoves, and
exclusive lanes for public buses (Ministerio del Medio Ambiente (MMA) 2014).
Restrictions applied during critical days have been effective in reducing levels of
particulate matter and NOx (Troncoso, De Grange, and Cifuentes 2012). These regulations
have decreased the average concentrations of PM1, and PM 5 in Santiago; however, levels
in winter are still significantly above WHO guidelines (Barraza et al. 2014; Héctor
Jorquera and Barraza 2013; Koutrakis et al. 2005; Sax et al. 2007).

In this work we focus on PM, 5 because its health impacts are greater than those of
coarse particles, and currently the particulate matter problems for PM, s concentrations in
Santiago are more complex to manage. This is because secondary PM,s has become more
relevant as primary emissions have been reduced with the aforementioned policies. Hence
new pollution abatement strategies ought to include abatement of gaseous precursors and

primary PM, s emissions as well.
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Policies and regulations implemented in Santiago during recent decades have not
only decreased the concentration of particulate matter, they also have changed the relative
chemical composition of particles. Table 26 summarizes previous studies in Santiago that
have used the chemical composition of PM,5 to determine its sources; the most relevant
sources identified between 1987 and 2005 were motor vehicles, wood burning, secondary
aerosols, industrial sources and soil dust. In that period, sulfate concentrations were
decreasing while organic carbon concentrations were increasing. However, none of those
studies used a chemical mass balance (CMB) receptor model with organic molecular
tracers. This method has been applied in other cities around the world (Daher et al. 2011;
Daher et al. 2012; Heo et al. 2013; E. a. Stone et al. 2007; Elizabeth Stone et al. 2010) but

not in Chile.

The goal of this work is to characterize the chemical composition of PM55s in
Santiago through elemental and organic carbon (ECOC), water soluble organic carbon
(WSOC), water soluble total nitrogen (WSTN), ionic, elemental, and organic tracer
analysis, and to use organic tracers in the CMB model to better identify sources of fine
particles and estimate their apportionment. Santiago still needs to reduce the levels of fine
particles, so it is expected that the results of this research will better direct control

strategies to reduce particulate matter concentrations.



Table 26 Summary of previous source apportionment results carried out at Santiago.
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Reference Dates/location/mean PM, 5 (ug/m°) Methodology Results
Rojas et al. West center, January—February 1987; pichotomogs sampler; XRF an.alysis of Sulfates: 49%; wood.burning anq traffic: 26%;

3 filters. Principal Factor Analysis for residual oil combustion: 13%,; soil dust and metal
(1990) 34 (ug/m’)

source apportionment.

works: 6.4%; soil dust and wood burning: 5.6%

Artaxo (1996)

Center, July—August 1996; 54.4
(pg/m’)

SFU filter samples with PIXE analysis.
Absolute Principal Factor Analysis for
Source Apportionment.

Sulfates and industry: 64%; motor vehicles: 16%;
soil dust: 15.5%; copper smelter: 8.7%; residual oil
combustion: 1.9%

Artaxo (1998)

Center, July—August 1998; 39.7
(pg/m’)

SFU filter samples with PIXE analysis.
Absolute Principal Factor Analysis for
Source Apportionment.

Motor vehicles: 35.8%; soil dust: 31.3%; residual
oil combustion and industry: 23.2%; Sulfates and
copper smelter: 9.7%;

Artaxo (1999)

Center, 27 June—1st December 1999;
28 (ug/m’)

East, 26 June—30 November 1999; 34
(ug/m’)

SFU filter samples with PIXE analysis and
BC measurements. Absolute Principal
Factor Analysis for Source
Apportionment.

Motor Vehicles: 40%,Sulfates + As: 39%, Soil dust:
17%, Metal works: 4%

Motor vehicles + industry: 70%, Sulfates + As:
15%, Soil dust: 7%

Gramsch (2005)

Center, July—August 2001; 61.4
(ug/m°)

Center, July—August 2003; 69.4
(ug/m’)

Center, July—August 2005;44.2
(ng/m’)

Speciation Sampler 2300 for chemical
characterization, SFU samples with PIXE
elemental analysis.

Nitrate: 19%; sulfate: 8%; ammonia: 12%; EC:
22%; OC: 15%; chlorine: 2%

Nitrate: 15%; sulfate: 5%; ammonia: 7%; EC: 10%;
OC: 33%; chlorine: 2%

Nitrate: 18%; sulfate: 8%; ammonia: 17%; EC:
11%; OC: 36%; chlorine: 4%

Moreno (2010)

Center, April 1998—August 2007

Dichotomous sampler; XRF analysis of
filters. Principal Factor Analysis for source
apportionment.

Soil: 24.6%; Motor Vehicles: 12.3%; Residual Qil:
13.6; Secondary sulfates: 13.6%.

Jorquera and
Barraza (2012)

East, June—December 1999
(reanalysis of Artaxo's, 1999 data
set); 34 (ug/m’)

East, January—December 2004; 25
(ug/m”)

PMF3.0 on filter analysis of trace
elements + BC; back trajectory analysis
to confirm sources.

Motor vehicles: 28%; wood burning: 25%; sulfates:
19%; marine aerosol: 13%; copper smelters: 11%;
soil dust: 4%

Motor vehicles: 31%; wood burning: 29%,; sulfates:
16%; marine aerosol: 10%; copper smelters: 10%;
soil dust: 4%
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5.4. Methodology

5.4.1. Sampling site description

The chosen monitoring site (33° 29" 51.7" S, 70° 36’ 39.2” W) was located on a
roof of a 4-story building at the Campus San Joaquin, Pontificia Universidad Catolica de
Chile, close to Santiago's geographical center; see Figure 56 for a map showing the urban
site and nearby air quality and meteorological monitoring stations. The site is located
above the tree line, far enough from nearby buildings — see Figure 57 the closest busy
street is 470 m away, making it representative of urban conditions as recommended by US
EPA's ambient air quality monitoring guidelines (US EPA 1997). Figure 58 shows wind
rose plots — for diurnal and nocturnal conditions during the monitoring campaign — for
the two closest monitoring stations from Santiago's ambient air quality monitoring
network. It can be seen that during diurnal conditions the prevalent winds are S—-SW-W
while nocturnal winds are E, SE and SW; this corresponds to a mountain-valley circulation
that happens all year long. Therefore, the receptor site samples air masses from different
parts of the city that pass through the center. The climate of Santiago is Mediterranean,
with a dry warm season from October through March and a wet season from April through
September; Table 25 shows monthly weather summaries for 2013 at a monitoring site from
Chile's Meteorological Service which is close to the urban monitoring site chosen in this

study.

As was mentioned in the Introduction section (section 5.3), air pollution has a
distinctive seasonality in Santiago; stagnation conditions promoted by subsidence
conditions become more frequent in fall and winter when mixing heights reach low levels
above Santiago's basin (Mufioz et al. 2010). Figure 59 shows monthly averages of CO,
SO;, O3, NO, NO;, PM;5 and PM3yo measured at two air quality monitoring stations
closest to the central urban site for the year 2013; there is a strong seasonality as all

pollutants but ozone increase in fall and winter. These results are characteristic of Santiago
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and have been previously reported (Héctor Jorquera, Palma, and Tapia 2000; Héctor
Jorquera, Palma, and Tapia 2002; Koutrakis et al. 2005; Sax et al. 2007).

: o) N '!3__i_é-:_t_Service Station
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‘Samieé'o_ﬁ-_ i

Figure 56 Map of Santiago showing the geographical center (labeled star), the location of the receptor site,
two of the closest air quality monitoring network stations (L, N), and the closest station from the
Meteorological Service.

West view of Santiago

East view of Santiago

Figure 57 Views of Santiago from the receptor site.
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5.4.2. Sampling method and selection of samples

Paired Partisol samplers (model 2000i Thermo Scientific, USA, 16.67 L/min) were
deployed to measure urban background PM,s levels in 24-h integrated filters. Samples
were collected from March to October 2013 every weekday, except on holidays, beginning
at 12:00 local time. One Partisol was loaded with a Teflon filter (46.2 mm PTFE,
Whatman, NJ, USA) to determinate PM,s mass and trace metals, and the other with a
quartz filter (47 mm, Tissuquartz 2500QAT-UP, Pall Life Sciences, USA) for purposes of
chemical speciation. Field blank filters are 10% of samples. All filters were enclosed in
Petri dishes (gamma radiation sterilized, VWR, USA), sealed with Teflon tape and placed
within screwed aluminum holders, stored in coolers, and kept refrigerated at — 20 °C until

analysis.

In order to reduce the number of samples for ECOC analysis, and to obtain
appropriate mass loading for Gas Chromatography/Mass Spectrometry (GC-MS) analysis,
five samples per month were selected to be analyzed for ECOC and subsequently for
organic tracers. The samples selected for ECOC analysis were chosen to represent every
sixth day samples. When a particular sample was missing, the sample taken the day after or
before the target day was selected. In each month, the average of PM,s mass of all the
samples was compared with the average mass of the five selected samples to ensure that
the selected mass was representative of the mass average. As shown in Figure 60 , the
selected samples were representative of each month as indicated by the fact that monthly
averages were not statistically different. In addition, sulfate, nitrate, and WSOC

concentrations of all the samples had similar trends.
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Figure 60 Monthly comparison of a) PM, s mass b) sulfate c¢) nitrate and d) WSOC of 1) all samples
collected and 2) selected samples, including standard error, from March to October.

5.4.3. Chemical analysis

Teflon filters were conditioned in a room with controlled temperature (20 + 2 °C)
and relative humidity (35-40%) for 24 h before being weighed with a microbalance
(Sartorius, model Cubis-DF LSMO011, resolution: 1 ng, Goettingen, Germany). The
elemental analysis was conducted by X-ray fluorescence at Chester Labnet Laboratory
(Tigard, OR, USA) following method 10-3.3 (US EPA 1999). A piece of each quartz filter
(1.0 cm?) was analyzed in a Thermal Optical Analyzer (Sunset Laboratories, Forest Grove,
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OR, USA) to determine elemental carbon (EC) and organic carbon (OC) through the
NIOSH thermal optical transmission method. In the first stage, samples were heated at
increasing temperature levels to evolve OC and pyrolysis products in a free oxygen
atmosphere. Subsequently, in a second stage, EC was evolved in a He/oxygen atmosphere.
EC and OC were quantified using FID. Laser transmittance through the filter was
monitored continuously to determinate the split point which separates OC and EC, and to
correct for pyrolysis products. Details of the method have been described elsewhere (J. J.
Schauer et al. 2003). WSOC and WSTN were measured using a TOC-V SCH Shimadzu
total organic carbon analyzer. For the analysis, 1.5 cm? of each quartz filter was water
extracted in 15 mL of Milli-Q water for 6 h in a shaker, and filtered using 0.45 um syringe
filters before the analysis (Miyazaki et al. 2011; Yang, Li, and Yu 2003). Water insoluble
organic carbon (WIOC) was calculated as the difference between OC and WSOC, and the
uncertainty for WIOC was calculated by the propagation of the uncertainties. After
TOC/TN analysis, a fraction of the remaining solution was used to determine water soluble
inorganic ions. Seven ions (sulfate (SO "), nitrate (NO3"), chloride (CI), sodium (Na®),
ammonium (NH.,"), potassium (K"), and calcium (Ca® *), were measured using ion
chromatography (IC) (Dionex ICS 2100 and Dionex ICS 100) (Wang et al. 2005). Monthly
composites containing equal parts of 5 quartz filters per month were prepared to analyze
organic compounds by gas chromatography—mass spectrometry (GC-6980, quadrupole
MS-5973, Agilent Technology). To ensure that organic compounds would be detected by
GC-MS, composites had approximately 500 ug of OC. Before the extraction, composites
were spiked with isotopically-labeled standard solutions. Composite samples were
extracted using 50/50 dichloromethane and acetone. Samples were sonicated in 20 min
increments, alternating between the solvents (four successive extractions), then evaporated
in a rotavapor, and finally reduced in volume by blowing down using ultrapure nitrogen.
Extracts were analyzed twice by GC-MS. An aliquot was methylated with diazomethane,
and in other aliquot, a silylating reagent derivatizes hydroxyl and carboxyl groups (Nolte et
al. 2002). Additional details of the method can be found elsewhere Stone et al. (Elizabeth
Stone et al. 2010). For quality control of the organic tracer analysis, a sample of SRM
1649a (Urban Dust) from the National Institute of Standards and Technology (NIST) and a

standard spike sample were analyzed with each batch of samples. For all of the tracers used
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in the CMB model, spike recoveries were in the range of 90-140%. For the inorganic
measurements and ECOC, the spike recoveries were in the range of 90-107%. All
concentrations were blank corrected, and uncertainties were estimated using standard

deviation of field blanks and detection limit of the instruments.

5.4.4. Source apportionment

Primary source contributions to organic carbon were estimated using chemical
mass balance receptor model software developed by EPA (EPA CMB v8.2). This software
solves a linear system of equations, which includes ambient concentration and source
profiles, using the effective variance weighted least-squares method (Watson, Cooper, and
Huntzicker 1984). The model was run with eight monthly composite samples that represent
a monthly composite for each month from March to October. Due to the resources and
particulate matter mass required for the organics analysis, it was not feasible to analyze
individual daily samples for organic tracers. Organic compounds selected as tracers were
stable during the transport from the source to the receptor, they did not react or volatilize,
and all main sources were included in the model in order to obtain good results (James J.
Schauer et al. 1996). Twenty one molecular markers were selected, which includes EC,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, indeno(1,2,3-cd)pyrene,
benzo(ghi)perylene, picene, 17a(H)-22,29,30-trisnorhopane, 17a  (H)-21B(H)-30-
norhopane, 17a (H)-21p (H)-hopane, ABB-20R-C27-cholestane, ABB-20R-C29-sitostane,
ABB-20S-C29-sitostane, n-alkanes with carbon numbers from 27 to 33, and levoglucosan.
Five source profiles were selected according to previous studies conducted at Santiago —
see Table 26 — and to the results of the organic tracer analysis; hence we selected wood
smoke (Fine, Cass, and Simoneit 2004), natural gas (Rogge, Hildemann, et al. 1993),
diesel emission (Lough et al. 2007), gasoline vehicle (Lough et al. 2007), and smoking
vehicle (Lough et al. 2007) as source candidates. CMB results are considered acceptable if
R? > 0.9. If some sources show co-linearity problems, sensitivity analysis will be done to

select the appropriate major sources of OC.



130

5.5. Results and discussion

5.5.1. Particulate matter and composition

PM,s mass, sulfate, nitrate, and WSOC of all samples collected are shown in
Figure 61. PM,s mass, nitrate, and WSOC concentrations showed similar seasonality:
concentrations were much higher from June to August. In contrast, sulfate concentrations
did not show seasonality. Figure 60 shows clearly that samples selected for EC/OC and
GC-MS analysis were representative of all samples collected. As shown in Figure 61, OC
and EC concentrations of the selected samples peaked from June to August. Information
on OC and EC concentrations was necessary for particle-phase organic tracer analysis,

whose results are the focus of the present study.

Monthly averaged ambient concentrations of PM, s and reconstructed mass from
March to October are shown in Figure 62 and Table 27 . Average concentration of fine
particles was 40 + 20 (average + standard deviation) pg/m*; higher concentrations were
registered in colder months (June-July), averaging 62 + 15 pug/m®. The highest monthly
average concentration was in June, 73 pg/m® and the single highest concentration
measured was 140 pg/m® (in July). Although these concentrations are significantly lower
than concentrations reported in Chinese and Indian cities (Cao et al. 2012; Deshmukh and
Mkoma 2011), 80% of the samples collected during fall-winter (April-September)
exceeded 24-h WHO guidelines (25 pg/m®), and for the same period, 50% of the samples
are above 24-h Chilean national standard (50 ug/m®). Higher concentrations of PM,s in
colder months can be attributed to the topography and the persistence of subsidence
conditions that induce thermal inversion layers which increase ambient levels of pollutant
concentrations. The lowest concentrations were registered in March and October, summer

and spring seasons respectively, averaging about 20 pg/m?®.


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23f0010
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23f0010
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Table 27 Monthly average gravimetric PM, s mass and bulk composition (xstandard deviation) for fine particulate matter in Santiago, Chile.

Month PM, s mass Organic carbon Elemental carbon Sulfate Nitrate Ammonium Other ions®
pg/m’ pg/m’ pg/m’ pg/m’ pg/m’ ug/m’ ug/m’
Mar 20 (+2) 6.0 (+1.3) 2.6 (+1.5) 1.3 (+1.5) 0.8 (0.8) 1.4 (+1.1) 0.2 (+0.2)
Apr 35 (+8) 9.6 (2.5) 3.6 (0.7) 3.4 (+1.9) 3.9 (£2.2) 3.0 (£1.2) 0.3 (0.2)
May 55 (+19) 14.2 (+4.7) 4.5 (+1.4) 2.2 (£1.6) 11.9 (+7.2) 5.4 (+3.1) 0.9 (+0.6)
Jun 73 (+21) 22.1 (+4.4) 8.7 (+2.9) 2.0 (+1.0) 14.4 (+4.8) 5.6 (£1.9) 1.3 (+0.6)
Jul 51 (£17) 19.5 (+3.0) 6.4 (+2.2) 1.6 (£1.2) 11.0 (+4.0) 4.2 (£1.7) 1.6 (£0.4)
Aug 45 (£23) 13.2 (¢¥4.5) 4.1(+1.3) 3.0 (+2.6) 10.8 (+6.0) 4.3 (£2.6) 1.3 (£0.3)
Sep 17 (8) 6.3 (+3.1) 2.9 (+1.3) 0.9 (x0.3) 2.3 (+2.5) 1.5 (£1.0) 0.1(+0.2)
Oct 21 (£17) 5.6 (+1.0) 1.9 (x0.9) 1.1 (0.8) 1.3 (20.5) 1.0 (£0.4) 0.0 (x0.0)

# Includes potassium and chloride.
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Mass was reconstructed through the sum of elemental carbon, organic matter (OM),
sulfate, nitrate, ammonium, and other ions (chloride and potassium). Trace metals were not
included in the reconstructed mass because they were not important contributors to PMs.
Figure 63 shows that dust concentrations calculated (Cheung et al. 2011; von
Schneidemesser et al. 2010) from May to September accounted for less than 5% of PM;5
mass, in agreement with previous estimates for the 1999 and 2004 data (Héctor Jorquera
and Barraza 2012). Organic matter concentrations were estimated using source specific
OM/OC factors (Bae, Schauer, and Turner 2006), which were applied to the source
apportionment results that will be shown later. As seen in Figure 62, OM was the major
component of ambient PM s, varying from 8.8 ug/m®in September to 46 pg/m?® in June. In
the coldest months (June-July), organic matter had the highest absolute and relative

contributions, 43 + 5 ug/m® and 69 + 7% respectively.

Measured and reconstructed mass agreed well, averaging 103 + 12%.
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Figure 63 Monthly gravimetric PM, s mass (#standard error) and bulk composition from May to September,
including dust.
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55.1.1. Water soluble inorganic ions

Total inorganic ions accounted for 31 + 19% of PM,5s mass. Major ions were
nitrate (17.8 £ 13.8%), ammonium (8.3 + 4.6%), and sulfate (4.9 + 2.3%), which
accounted for 7.1 + 5.5 pg/m®, 3.3 + 1.8 pg/m®, and 2.0 + 0.90 pg/m® respectively. As
shown in Figure 62, all ions registered higher concentrations in colder months, except
sulfate which lacked any pattern. In Santiago, concentrations of sulfate were low because
of air quality regulations which allow a maximum of 15 ppm of sulfur content in diesel and
gasoline (Ministerio del Medio Ambiente (MMA) 2014); however, nitrate and ammonium
concentrations were higher. This is due to higher emissions of NOx and ammonia, which
are the precursors of these ions, and meteorological conditions that favored formation of
ammonium nitrate (Toro et al. 2014). Other ions, which are the sum of chloride and
potassium, only accounted for 1.5 £ 1.1% of PM,s mass. Calcium and sodium

concentrations were lower than 1 pg/m®.

55.1.2. Carbonaceous compounds

Monthly concentrations of WSOC, WIOC, and EC are shown in Figure 64a. All
carbonaceous species followed the same seasonality as PM, s mass; values were higher in
colder months. Average EC concentration was 4.3 + 2.2 pg/m* from March to October
with a relative contribution to fine particles of 11 + 6%. Average OC concentrations
changed from a low of 5.6 pg/m® in October to a high of 22 pg/m® in June. OC/EC ratios
were constant from March to October, averaging 2.8 + 0.4. WSOC rose from a low of 1.8
ng/m® in March to a high of 6.5 pg/m® in June, and average WIOC concentrations were 3.5
+1.8 ug/m3 in October and 16 + 1.8 ug/m3 in June. WSOC/OC ratios were similar during
the months analyzed, averaging 0.33 £ 0.04.
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55.1.3. Nitrogen containing species

Water soluble inorganic nitrogen (WSIN) was calculated as the sum of nitrate ion
(NO3") plus ammonium ion (NH4"), which were measured by IC. Water soluble organic
nitrogen (WSON) was calculated as the difference between the water soluble total nitrogen
measured in the TOC analyzer and WSIN (Lim et al. 2012; Miyazaki et al. 2011). Figure
64b shows monthly concentrations of WSIN and WSON. As expected, water soluble
nitrogen concentrations were higher in colder months (May-August). Nitric acid and
ammonium nitrate are semi-volatile compounds, whose partitioning to particle phase is
favored at low temperatures and high relative humidity (Squizzato et al. 2013). Monthly
WSON/WSIN ratios are shown in Figure 64b. The average WSON/WSIN ratio was 0.22 +
0.09, with peaks in warmer months (March and October). A one sample t-test showed that
water soluble organic nitrogen concentrations were statistically different from zero (p <
0.0001). WSON could be emitted from biomass burning or formed in the atmosphere
during reactions of VOCs and NOx and partitioned to gas phase (Mace 2003). The results
of this study suggest that during fall and winter WSON was associated with biomass
burning and during warm months it was produced mainly by photochemical reactions of
SOA with inorganic nitrogen. The peaks of WSON/WSIN in warm months were produced

because a fraction of WSIN was transformed to WSON through photochemical reactions.

55.14. Organic species

Although more than one hundred organic species were detected by GC-MS,
molecular markers made up a small fraction of carbonaceous aerosols. Despite their low
contribution to PM, 5, organic tracers are a useful tool to identify and quantify sources of
atmospheric aerosols. Monthly concentrations of levoglucosan, polycyclic aromatic

hydrocarbons (PAHS), and hopanes are shown in Figure 65.
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Figure 65 Monthly concentration of a) levoglucosan, b) PAHSs, and c) hopanes in ambient PM, 5 in Santiago
from March to October.

Levoglucosan, a well-established organic molecular maker for biomass burning
(B.R.T. Simoneit et al. 1999), showed the highest concentrations in June and July,
averaging 1789 + 85 ng/m? in these months. The lowest concentration was registered in
March (52.9 ng/m?), and was 34 times lower than the average of June and July. Previous
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studies in Santiago have reported concentrations of levoglucosan between April 25 and
May 8 in the range of 206 to 1797 ng/m®, averaging 680 ng/m* (Centro Mario Molina
Chile 2009). High concentrations of levoglucosan in winter are explained by the massive

consumption of residential wood for space heating in colder months.

Polycyclic aromatic hydrocarbons are made up of aromatic rings formed mainly
during incomplete combustion of fossil fuels and burning vegetation at high temperatures.
PAHs have been used as organic tracers for gasoline emission from mobile sources and
wood combustion (Ravindra, Sokhi, and VVan Grieken 2008). Several studies have reported
carcinogenic properties of some PAHSs, like benzo[b]fluoranthene, benzo[k]fluoranthene,
and benzo[a]pyrene (Bostrom et al. 2002; Ravindra, Sokhi, and Van Grieken 2008; Y.
Zhang et al. 2009). Concentrations of benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo(e)purene, and benzo[a]pyrene are shown in Figure 65b. Higher concentrations were
registered in colder months, especially in June, when the sum of the four PAHs was 14.1
ng/m>. The lowest concentration, 1.5 ng/m°, was registered in March. The average
concentration in the fall-winter period was 7.4 + 4.5 ng/m®. Emission patterns and
meteorological conditions differ from summer to winter, producing higher concentrations
of PAHs in colder months (Baek et al. 1991). A previous study of these PAHs reported
concentrations in August and October (1998) of 68 ng/m* and 8.3 ng/m® respectively
(Tsapakis et al. 2002). In the present study, concentrations for these months were 5.9
ng/m® and 1.6 ng/m® respectively, showing a decreasing trend ascribed to the air quality
regulations implemented in Santiago. Picene, which is a polycyclic aromatic hydrocarbon
and a biomarker for coal combustion (Oros and Simoneit 2000), was not detected in the

samples.

Hopanes are produced mainly by diesel and gasoline vehicles and fuel oil
combustion (Rogge et al. 1997; James J. Schauer et al. 1996; Shrivastava et al. 2007).
Figure 65c shows monthly concentrations of 17a(H)-22,29,30-trisnorhopane, 17a(H)-
21B(H)-30-norhopane, and 17a(H)-21p(H)-hopane. All measured concentrations of
hopanes had a clear seasonal pattern with higher concentrations in colder months.

Concentrations of the three measured hopanes ranged from a low of 0.54 ng/m® in October
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to a high of 3.0 ng/m® in July, averaging 1.3 + 0.85 ng/m°. A study in Mexico City, D.F.,
which is another large capital city in Latin America that faces serious air pollution
problems, reported 1.31 ng/m® as the concentration of these three hopanes during March
(E. a. Stone et al. 2007). In the present study, concentration of the sum of the three hopanes
was 0.61 ng/m® for September (similar seasons). Emission sources of hopanes do not have
a seasonal pattern; consequently, the higher concentrations in colder months could be

attributed only to meteorological conditions.

Concentrations of C,7_33 n-alkanes do not have any seasonal pattern. The sum of all
seven n-alkanes ranged from a low of 39.6 ng/m® in September to a high of 311 ng/m® in
July, averaging 110 + 109 ng/m?>. Carbon preference index (CPI), which is the ratio of odd
n-alkanes to even n-alkanes, was calculated to determine the origin of the C,g 33 n-alkanes,
which can be biogenic detritus (plant wax) and anthropogenic emissions (oil, soot) (Bernd
R. T. Simoneit 1986). CPI values close to 1.0 are produced by fossil fuel emission and
values higher than 2 (up to 10) indicate that the origin of n-alkanes is biogenic detritus
(Rogge, Mazurek, et al. 1993; Bernd R. T. Simoneit 1986; Wils, Hulst, and den Hartog
1982). CPI values ranged from 0.70 to 1.6, averaging 0.90 (see Supplementary Fig. 7),
which indicate that n-alkanes were produced by anthropogenic sources. Similar results has
been previously reported (Tsapakis et al. 2002).

3.0

2.5 A

2.0 A

1.5 1

CPI

1.0

0.5 1

0.0

Mar Apr May Jun Jul Aug Sep Oct
Figure 66 Monthly carbon preference indices (CPI).
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5.5.2. CMB results

5.5.2.1. Source apportionment to PM, 5 OC

The mobile source profiles included in this study were developed considering a
wide range of California gasoline and diesel vehicles with model years from 1975 to 2001.
The three preselected mobile sources (diesel, gasoline, and smoking vehicles) led to co-
linearity problems, so the CMB model was re-run including only diesel and gasoline
vehicles. This sensitivity analysis showed that contribution to OC was not statistically
different using the three or two mobile sources (see Figure 67 ). Consequently, only diesel
and gasoline vehicles were included as mobile sources in the receptor model. Using source
profiles from the USA could potentially add some bias to the results; however, the most
comprehensive source testing programs have large uncertainties in source profiles that
were shown to have limited impact on the total apportionment of mobile sources and a
large impact on the split between gasoline and diesel engine emissions (Lough and Schauer
2007). Given that Santiago has cars that are similar to those in the USA and use similar
petroleum based motor oil, we do not think the true mobile source profiles are outside the
range of the profiles examined by Lough and Schauer (Lough and Schauer 2007).
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The CMB model was then used to estimate source contributions to OC from wood
smoke, natural gas, diesel emission, and gasoline vehicle. These sources were selected
according to the organic tracer concentrations and the sensitivity analysis. “CMB Other”
represents secondary organic aerosols (SOA) and unidentified primary sources, calculated
as the difference of the OC and the sum of the contribution of all primary sources included
in the receptor model. Source contributions and their uncertainties (standard error) are
presented in Table 28 . Figure 68 shows absolute and percentage monthly contributions to

OC. Only statistically significant sources were included in Figure 68.

From May to September, the largest contributor to OC was wood smoke; however,
it should be noted that during the warmer months (March, April, September, and October),
the sum of the mobile sources was a larger contributor to OC than wood smoke. Wood
smoke in fall and winter contributed 8.16 + 5.94 ug/m°, and was especially important in
June=July, where it contributed 14.8 + 2.9 ug/m° representing an average of 71 + 14% of
OC. The second most important primary source was gasoline vehicles, contributing from
1.19 pug/m? in October to 6.16 pg/m?* in July, with a nearly constant relative contribution to
OC throughout the eight months, averaging 23.4 + 15.1%. Diesel emission contributions
were lower than gasoline vehicles, contributing from a low of 0.61 pg/m® in October to a
high of 2.56 pg/m® in June, averaging 10.5 + 5.0% of OC. Natural gas was the lowest
contributor to OC during the eight month period. It accounted for an average of 0.11 + 0.11
ng/m® from March to October, which represented only 0.9 + 0.9% of OC. In the colder
months, all primary sources increased their contribution to OC. From May to September
the contribution of “CMB Other” was not statistically significant. In contrast, “CMB
Other” had the predominant contribution to OC during the warm months of March, April,
and October, averaging 3.79 + 1.00 ug/m®, which represented 53.6 + 14.2% of OC. This
suggested that “CMB Other” was composed mainly of SOA, whose formation was
enhanced by photochemical reactions in the warmer months; this is supported by the well-
known seasonality of ozone in Santiago (Héctor Jorquera, Palma, and Tapia 2002;
Elshorbany et al. 2010).
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Table 28 Source contributions to ambient PM, 5 organic carbon (OC) estimated by CMB. Statistically significant source contributions are shown in bold.

Month

Mar
Apr
May
Jun
Jul
Aug
Sep
Oct

Wood smoke Natural gas Diesel emission Gasoline vehicles Other
pg/m’ unc? ug/m’ unc? pg/m’ unc? ug/m’ unc? ug/m’ unc?
0.37 0.08 0.01 0.01 0.86 0.09 1.34 0.14 3.42 0.60
1.51 0.33 0.04 0.01 1.16 0.12 1.96 0.18 4.93 1.18
7.13 1.50 0.19 0.04 1.29 0.14 3.19 0.29 2.40 2.59
16.85 3.41 0.33 0.06 2.56 0.28 4.79 0.44 -2.45 3.97
12.70 2.69 0.17 0.05 1.60 0.20 6.16 0.60 -1.11 3.07
8.53 1.75 0.09 0.03 1.16 0.13 2.64 0.27 0.75 2.70
2.26 0.48 0.05 0.01 0.93 0.10 1.26 0.12 1.76 1.48
0.79 0.17 0.02 0.01 0.61 0.06 1.19 0.14 3.03 0.50

0.98
0.98
0.98
0.96
0.99
0.98
0.95
0.97

1.03
1.26
1.25
241
0.94
1.08
2.77
2.08

R*and X’ are fitting parameters of the chemical mass balance model.

a N
unc = uncertainty.


http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23tf0005
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23tf0005
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23tf0005
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23tf0005
http://www.sciencedirect.com.ezproxy.puc.cl/science/article/pii/S0048969715000091%23tf0005
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The seasonal patterns of source tracers that are shown in Figure 64 and Figure 65
provide the same conclusions about the relative impact of sources on fine particulate
organic carbon that is provided by the formal source apportionment analysis shown in
Figure 68. The consistency of the conclusions from the presentation of the raw data and
source apportionment results is an important consistency check and provides additional
confidence in the source apportionment. Furthermore, levoglucosan levels are negatively
correlated with ambient temperatures as expected for the residential wood burning sources;
in the cold months those emissions increase when dispersion conditions in the basin
worsen, hence seasonality of levoglucosan is more marked than in the case of motor

vehicles.

5.5.2.2. Source apportionment to PM; s mass

Monthly source contributions to OC obtained from the CMB model were converted
to source contributions to PM,s using specific OC/PM,s factors for each of the four
sources (Fine, Cass, and Simoneit 2004; Lough et al. 2007; Rogge, Hildemann, et al.
1993). “CMB Other” was converted to SOA using a relatively high OC/PM,s factor of 2;
similar ratios have previously been used for spring and summer months (Hasheminassab et
al. 2013). In addition, sulfate, nitrate, and ammonium concentrations were included as
sources. The difference between the sum of all sources previously mentioned and the
gravimetric PM,s mass is represented as undetermined mass. Figure 69 and Table 29 show

source contributions to PM» 5 mass.
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Figure 69 Monthly source contribution to ambient PM, s mass in Santiago from March to October.



Table 29 Monthly source contribution to PM, s from March to October.
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Month l::gzss :r\:::(: Natural3 er?wli:ie(ln (?asoline , Sulfatg Nitrat;a Ammoniaum SOA3 Undetermingd
ug/m’ ug/m’ gas pg/m ug/m? vehicles pg/m pg/m pg/m pg/m pg/m mass pg/m
Mar 20 0.44 0.02 2.11 1.72 1.30 0.85 1.44 6.84 5.27
Apr 35 1.81 0.05 2.86 2.52 3.42 3.92 3.00 9.86 7.57
May 55 8.53 0.22 3.17 411 2.23 11.86 5.39 0.00 19.48
Jun 73 20.17 0.39 6.29 6.17 1.99 14.35 5.56 0.00 18.07
Jul 51 15.20 0.19 3.92 7.94 1.64 11.03 4.19 0.00 6.88
Aug 45 10.21 0.11 2.86 3.40 3.02 10.85 4.30 0.00 10.26
Sep 17 2.70 0.06 2.28 1.62 0.94 2.31 1.47 0.00 6.02
Oct 21 0.94 0.02 1.49 1.53 1.10 1.31 0.96 6.06 7.59
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The major primary source of PM, s mass in fall and winter was wood smoke, which
contributed 9.77 + 7.11 pg/m® (21.2 + 15.4%) in these seasons, with the highest relative
and percentage contribution in June=July, averaging 17.69 + 3.51 pg/m® (28.53 + 5.66%).
Gasoline vehicles' contribution ranged from a low of 1.53 pg/m® in October to a high of
7.94 pg/m® in July. In June-July it contributed to 11.4 + 2.0% of PM,s mass. Diesel
contribution was slightly lower than gasoline vehicles, and when combined these two
sources contributed 19.6 + 0.7% of fine particles in June-July. Natural gas was the
smallest contributor to PM,s mass, averaging 0.13 + 0.13 ug/m® which represented less
than 1%. The most important secondary source of PMj,s mass was nitrate, which
contributed an average of 7.06 + 5.48 pg/m® (17.8 + 13.8%). As with wood smoke, this
source increased its contribution in fall and winter, especially in June-July when it reached
12.7 + 2.4 ug/m®, representing 20.5 + 3.8%. Secondary inorganic ions (sulfate, nitrate, and
ammonium) together accounted for 31.0 £ 19.4% of PM,5 mass from March to October.
Secondary organic aerosols contributed only in March, April, and October, averaging 29.9
+ 7.9% of PM5 5 mass in these three months. Undetermined mass, which represented about
30% of PM, 5 total mass, was generally higher in fall, mainly in May and June; however,
its percentage contribution did not show any pattern. This unresolved fraction may be
ascribed to a variety of industrial and commercial sources in Santiago, as well as marine

aerosol contributions.
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5.6.  Summary and conclusions

Ambient PM,s samples collected from March to October 2013 in Santiago
registered high levels of PM;s in comparison with 24-h WHO and Chilean regulations.
During fall and winter, 50% of samples exceeded the 24-h Chilean national standard.
Average ambient PM,s concentration from March to October was 40 + 20 pg/m®; the
highest concentrations were registered in colder months (June-July), averaging 62 + 15
ug/m3. PM,s concentrations were higher in fall and winter, due to low-level thermal
inversion layers which inhibit the dispersion of contaminants, and the higher emission of
some sources like wood smoke. The gravimetric mass and reconstructed mass agreed well
(averaging 103 £ 12%)).

This is the first study to apportion OC and PM,5 in Santiago using molecular
markers as tracers; hence novel results were obtained: i) separately resolve gasoline and
diesel vehicles (previous studies have apportioned a single motor vehicle source, see Table
26), ii) clearly identifying the wood smoke source (no previous study has used
levoglucosan as tracer) and iii) quantifying secondary organic aerosols and showing their
strong seasonality in Santiago (no previous study has resolved this source). Molecular
markers included in the CMB model were EC, hopanes, PAHSs, and levoglucosan. The
concentration of all of them followed the same pattern as PM,s mass; highest
concentrations were registered in June and July. The CMB model determined the following
contributions to OC: wood smoke, natural gas, diesel emission, and gasoline vehicles.
From May to September, the main contributor to OC was wood smoke, and its contribution
was especially high in June-July. In warm months, the sum of the two mobile sources
contributed more than wood burning. Gasoline vehicles was the second most important
single source to OC. Diesel contributions were a little lower than gasoline, and natural gas
was the lowest contributor to OC. “CMB Other” only contributed in warm months,
accounting in these months for more than 50% of OC. The seasonal pattern of “CMB
Other” suggested that they were made up of SOA which were formed by photochemical

reactions.
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Wood smoke was the major primary source of PMys. Its highest contribution was
in June=July, reaching 17.7 + 3.5 pg/m®, which represented 28.5 + 5.6%. Therefore, this
source needs to be further constrained to improve air quality in Santiago, given that there
are alternatives for residential heating. Nitrate was the most important secondary source of
PM, s, contributing from March to October 7.06 + 5.48 ug/m3 (17.8 = 13.8%). Its highest
contribution also was in June=July, averaging 12.7 + 2.4 pug/m®, which represented about
21% of PMys mass. Gasoline vehicle contribution was a little higher than diesel, and
natural gas contributed to less than 1% of fine particles. Considering that gasoline vehicles
in Santiago travel farther and consume more fuel than diesel vehicles, it seems sensible to
consider a tax policy that captures the marginal damage each vehicle brings in to the city.

The three secondary inorganic ions: sulfate, nitrate, and ammonium, contributed an
average of 4.9%, 17.8%, and 8.3% of PM,s respectively. Sulfate comes mainly from the
industrial sector because of the low sulfur content in diesel and gasoline. The
apportionment of ammonium nitrate into diesel- and gasoline-powered vehicles may be
estimated using a chemical transport model, provided we have reliable emission

inventories for Santiago, but such task is beyond the scope of this work.

SOA contributed only in three months: March, April, and October, which are warm
months; its average contribution to PM;s during these months was 29.9 + 7.9%. SOA do
not appear in the cold season. This is the first time SOA have been quantitatively estimated
in Santiago, including their seasonal behavior.

Undetermined mass accounted for about 30% of PM,s total mass, and it can be
ascribed to industrial and commercial sources, as well as marine aerosol — hence local and

regional sources may contribute to that unresolved mass.
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6. SUMMARY AND CONCLUSION

This chapter provides an overview of the results and conclusions mentioned in
previous chapters, as well as a comparison between them. Finally, future prospects

generated during this doctoral work are stated.

6.1. General Conclusions

The use of receptor models (PMF and CMB) applied to Santiago’s city allowed us
to identify the principal sources that contribute to ambient PM,5 and to identify the main
sources that contribute to indoor PM,s. It also allowed us to identify and quantify the main
sources that contribute to the levels of OC (main component of PM35s).

The main sources that contribute to outdoor PM, s were determined separately for
the years 1999 and 2004, from which the same six main sources were identified: motorized
vehicles (28+2.5% / 31.2+3.4%), wood burning (24.8+2.3% / 28.9+3.3%), sulfates
(18.8+1.7% [/ 16.2+2.5%), marine aerosol (13+2.1% / 9.9+1.5%), copper smelters
(11.5+1.4% / 9.7+3.3%) and soil dust (3.9£1.5% / 4.0+2.4%), respectively. These results
show that outdoor PM, 5 is dominated by anthropogenic sources — Figure 70 —, with a
high contribution of non-industrial sources which could be reduced by changing people’s

habits such as preferring public transport and/or shifting to cleaner space heating fuels.

Soil Dust
4%

Vehicles
Marine 29%
aerosol

12%

Wood
burning
27%
Figure 70 Santiago 2004/1999 campaigns. Summary of outdoor sources apportionment.
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This work also clarifies the important regional or suburban contributions to
Santiago’s PM, s, which originate outside Santiago, identifying contributions from copper
smelters from which primary emissions and secondary sulfates were resolved by the
receptor model. These regional sources (including marine aerosol) were verified using
wind trajectory models generated with the HYSPLIT software developed by NOAA (US

National Oceanic and Atmospheric Administration).

A quantitative campaign of indoor/outdoor levels of Santiago’s PM,s was
performed during the spring of 2012, which monitored 47 households, 44 of which were
finally included in the research study. For the first time in Santiago, the PMF receptor
model was applied to indoor PM;s. Six main contribution sources were identified; three of
them had an outdoor origin: motor vehicles (25.1+3.2%), street dust (13.2+2.3%), and
secondary sulfates (15.5+2.3%), and three had an indoor origin: indoor dust (7.3+1.4%),
cleaning and cooking (10.5£1.4%), and cooking plus environmental tobacco smoke —
ETS — (27.9+3.2%). Both sources explain roughly half of indoor PM25 as shown in
Figure 71.

Indoor dust
7%

Motor

Cleaningand___ _Vehicles

Cooking 26%
11%
Indoor
46%
Outdoor
Cooking and _\ 54%
ETS Street dust

27% 13%

Sulfates
16%

Figure 71 Santiago 2012 campaign. Indoor Source Apportionment

An outdoor campaign was performed between March and October of 2013 using
the receptor model CMB, which allowed us the identification of four organic sources of
combustion that contribute to PM,s levels: wood smoke (18.9+15.8%), diesel engine
emission (7.9£3.7%), gasoline vehicles (9.2£5.9%), and natural gas (0.3+0.3%). Wood
smoke was the major contributing source during cold months, representing 28.5+5.6% of
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PM, 5 in June-July. Diesel engine emissions was the source of highest contribution during
warmer months; diesel engine emissions contribute more than gasoline vehicle sources.
The contribution of natural gas emissions was low during all the monitored period
representing less than 1% of the total of PM,s. During the warmer months (March, April
and October) those four identified sources don’t represent the total OC in PM,s; the
difference could be explained by the presence of secondary organic aerosol (SOA), which
is formed by photochemical reactions — during the colder months the OC was represented

by the four sources detected in the model.

Since OC characterization does not completely explain ambient levels of PM 5 the
characterization and quantification of the other non-organic chemical species was
additionally performed during the 2013 campaign. We found that nitrate (17.8+13.8%) was
the dominant secondary contribution to PM,s followed by ammonium (8.3+4.6%) and
sulfate (4.9£2.3%). These species, as well as organic sources, increase considerably their
mass contribution during the colder months. The contribution of the four sources identified

by CMB plus the contributions of the main non-organic species is illustrated in Figure 72.
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Figure 72 Santiago 2013 campaign. Outdoor Source Apportionment

While comparing the campaigns of 2013, 2004 and 1999 important similitudes of
the identified sources can be seen, regardless of the difference between the methods,

monitoring systems, laboratory analysis and receptor models used for the source
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apportionment. For instance, during the 2004 and 1999 campaign, motor vehicles
represented ~30% of the total of PM, 5 levels; the 2013 campaign results indicate a direct
(primary) contribution of ~8% and ~9% to PM,s from diesel and gasoline vehicles,
respectively. Then we would have to add up a large fraction of nitrate (18%), a secondary
particle generated from motor vehicle emissions as well. Wood smoke represented ~27%
of PM;5s during 2004/1999 while in 2013 it represented 19%. This difference can be
explained as follows: i) in the 2004/1999 campaigns potassium was used as tracer of wood
burning but it appears in other sources as well; this could have led to overestimation of that
source strength, ii) an underestimation in the 2013 campaign because levoglucosan is
slightly reactive, iii) a plausible decrease of wood burning emissions between 2004 and
2013 owing to contingency measures banning the use of wood in episodic days and
technological improvement in woodstoves, and iv) more citizen’s awareness and shifts to
cleaner fuels. Nonetheless, wood smoke keeps being one of the main sources of
contribution to PM, 5 especially during cold months.

6.2. Future prospects

During the studied campaigns it was found that in Santiago there were periods
where PM,s were high and over the Chilean standard (50 pg/m® —24 hours average) and
the WHO recommendation (25 pg/m® —24 hours average). The most critical time of year
was during autumn-winter where 50% of the monitored days exceeded the Chilean
standard, bringing critical urgency to initiatives that would allow to improve air quality in

Santiago.

On the other hand, if we want to decrease the impact of the PM,5 on people’s
health measuring and controlling environmental levels is not enough, because people
spend more 65% of their time indoors. In this regard, a contribution of this thesis was to
measure indoor levels of PM, s finding the following points: i) indoor PM s is higher than
outdoor PM,5, and ii) it demonstrated that the chemical compositions of indoor PM; 5
differs from outdoor PM,s because of the contribution of indoor sources added to the
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infiltrated PM, 5 from the exterior. We think it is also necessary to determine levels of

PM. s in other environments such as commuting, offices or working areas, etc.

Another relevant aspect found in this thesis is that nearly 35% of the contributions
to the levels of outdoor PM,s come from sources from outside the city. If we aim to
decrease the total concentration of PMys levels, it necessary to further reduce those

regional sources (copper smelters).

Finally, it is important to highlight that the bad quality of air in Santiago especially
regarding the levels of PM, s is mainly caused by human activity and in order to decrease
said levels it is important to make changes in the social education, habits and behavior of
people. For example indoor tobacco consumption, or the excessive use of vehicles, both of

which need urgently a change of mindset in Santiago’s inhabitants.
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