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A B S T R A C T

Complex inhalable particles have become one of the main causes to trigger health problems worldwide. While
the level of concern depends on the chemical composition of these particles, some regions are poorly studied,
particularly, the Andes. In this work, the chemical characterization of atmospheric PM10 filter samples, collected
between January and October of 2017, was carried out for the first time in the world's highest capital, Quito,
Ecuador. This study investigates PM10 relation with meteorological variables and criteria pollutants. Average
PM10 concentrations ranged from 24.9 μgm−3 to 26.2 μgm−3, with some alarming peaks during the episodes of
fires and New Year's celebration. The major elements at study sites were Ca, Na, S, Mg, P, K, Fe, Si and Al, while
the major water-soluble ion was SO4

2−. Meteorology plays an important role at this complex terrain city. Factor
analysis showed natural dust and soil resuspension as the main source of particulate matter. Moreover, two less
urbanized sites showed evidence of industrial activities or airport emissions, while the central city site showed a
very strong signal of traffic-related pollution. These results are compared with representative cities around the
world. As is the case in developing countries, low-quality diesel fuel is recognized for emitting large amounts of
heavy metals, resulting in higher levels of those tracers in traffic flow areas. This work demonstrates the pro-
blems facing a midsize city, such as the lack of stricter regulations and, thus compromised air quality. This may
imply serious respiratory and cardiovascular health effects.

1. Introduction

Harmful air pollution, generated by rapid urban and industrial
growth, has become one of the leading causes of premature mortality in
the world (Stanek et al., 2011; WHO, 2014). Among atmospheric pol-
lutants, particulate matter (PM) is the most challenging in determining
health impacts due to its size, mass concentration and complex che-
mical composition. PM plays an important role in the biogeochemistry
of ecosystems, the hydrological cycle, cloud formation and the atmo-
spheric circulation (Pöschl, 2005). PM2.5 and PM10, aerosols with
aerodynamic diameters less than or equal to 2.5 μm and 10 μm, re-
spectively, damage the human respiratory and even cardiovascular
systems. While elevated levels of PM10 are associated with an increase

in emergency care visits and hospitalization (James et al., 2018), PM2.5

deposits in the lung alveoli and can cause deterioration of cardio-
pulmonary health (Pope and Dockery, 2006).

PM can originate from several anthropogenic and natural sources,
such as road traffic (exhaust and non-exhaust emissions), thermo-
electric power plants, cement and paper plants, oil refineries, biomass
burning or wildfires, and organic and inorganic particles formed by
chemical processes involving precursor gases (Aldabe et al., 2011;
Querol et al., 2007; Squizzato et al., 2017). Dust resuspension, sea-salt
and construction activities can be other important contributors. As a
result, the concentration and composition of PM at a specific location
depend on many factors, such as the characteristics of local sources,
regional background and meteorological conditions (Rybarczyk and
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Zalakeviciute, 2016).
Composition of PM may include organic and inorganic carbon,

chemical elements and water-soluble ions. Metals, such as Ni and V are
natural constituents of petroleum, and are found in small concentra-
tions in petroleum-derived products (Korn et al., 2007). They are often
correlated with industrial activities due to oil combustion and ship
emissions (Viana et al., 2008), and are tracers of very toxic residual oil
fly ash (ROFA), responsible for acute changes in cardiac function and
excess short-term mortality (Chen and Lippmann, 2009). Fe and Zn also
affect human health and are used in the manufacture of fuel tanks and
can be transferred to fuels during transport and storage. Furthermore,
Ce, Cr, Co, Cu, Pb, Li, Mn, Mo, Ni, Si, Ag, Ti, Sn, W, V, Zn and Zr are
introduced in the refinement process or as additives to improve the fuel
properties (Du et al., 1997; Pierre et al., 2008; Aucelio and Curtius,
2002). Another highly specific traffic-related element is Sb (brake
pads). Anthropogenic and natural sources such as diesel fuel, agri-
cultural, residential, forest and grass burning ash, including Sahara
dust, are all great sources of P (Anderson et al., 2010). Moreover, Ca,
Mg, Al, Fe, Si, Ti and K have also been attributed to the resuspension of
soil dust (Braga et al., 2005). K has also been reported to come from
biomass burning (Sánchez-Ccoyllo and de Fátima Andrade, 2002).

On the other hand, water-soluble ions represent a large part of the
ion fraction in PM, and are of anthropogenic origin (NO3

−, NH4
+,

SO4
2−). Those ions are formed in the atmosphere through chemical

and/or physical transformations of precursor gases (NOx, NH3, SO2)
(Tsai et al., 2012). Other ions include Cl−, Na+ (marine origin), Mg2+

(exposed soil, unpaved roads and construction activities), K+ (biomass
burning) and Ca2+ (mineral contribution) (Moreda-Piñeiro et al.,
2015).

Particulate matter source apportionment studies have been per-
formed in different regions of the world, such as North America,
Western Europe and Asia (Karagulian et al., 2015). These types of
studies are less common in Latin America (Aguilera Sammaritano et al.,
2017; Silva et al., 2017; Villalobos et al., 2015), especially in cities of
high elevation (reduced density air). There are only a few exceptions,
such as Valle de Mexico (2240m above sea level (m.a.s.l.) (Martínez-
España et al., 2018; Molina et al., 2016; Zalakeviciute et al., 2012)) and
Bogota (2640m.a.s.l. (Ramírez et al., 2018)). Nevertheless, the number
of cases of asthma and allergy has increased due to the worsening of air
pollution in high elevation cities in South America (Bravo Alvarez et al.,
2013).

South America is one of the most urbanized continents in the world
(United Nations, 2019) with 98% of the cities housing over 100,000
inhabitants, exceeding the air quality recommendations of the World
Health Organization (WHO) (Riojas-Rodriguez et al., 2016). Quito, the
capital city of Ecuador (2850m.a.s.l.), is a fast growing urban con-
glomerate struggling with water (Guerrero-Latorre et al., 2018; Ríos-
Touma et al., 2014) and air pollution (Cazorla, 2016; Zalakeviciute
et al., 2018, 2017) problems. Some previous studies in Quito showed a
correlation between the exposure to air pollution, specifically inhalable
particulate matter PM10, and human health (Cevallos et al., 2017;
Estrella et al., 2018; Harris et al., 2011). However, the studies on PM
chemistry in this city are limited to one study for indoor and outdoor air
quality (Raysoni et al., 2017). This implies that there is a lack in
knowledge about PM sources and potential health risks.

Therefore, the aim of this work was to perform the chemical char-
acterization of atmospheric PM10 (all particulate matter with aero-
dynamic diameter equal or less than 10 μm, including PM2.5) collected
in several urban areas in Quito during 2017, using Inductively Coupled
Plasma - Optical Emission Spectrometry (IPC-OES) and a spectro-
photometer. In addition, the potential emitting sources in the region
were identified through Factor Analysis (FA). To the best of our
knowledge, this is the first work carried out in the city of Quito ad-
dressing the chemical characterization of PM10. Through a comparison
with results of other cities around the world, the findings presented
herein contribute to understanding and characterizing air pollution in

the highest elevation capital city on earth in one of the least studied
regions – the Tropical Andes.

2. Materials and methods

2.1. Site description

Quito is one of highest elevation cities in the world, situated at
2850m.a.s.l. in the Andean mountains (EMASEO, 2011). The city of
2,239,191 inhabitants extends over several terraces that range in ele-
vation between 2700m.a.s.l. and 3000m.a.s.l., and descend to the
surrounding valleys (2300–2450m.a.s.l.) (INEC, 2011). This causes
serious rush-hour problems due to the limitations imposed on the ex-
pansion of the city due to the complex topography. Moreover, high
solar intensity, at the equatorial zone, contributes to photochemical
smog formation and long-term air pollution problems (Zalakeviciute
et al., 2017).

Situated at the equator, the dominating winds vary in their direction
during the course of the year (northeast during the Northern hemi-
sphere winter and southeast during the Northern hemisphere summer),
but most commonly originate from the east. Due to the terrain com-
plexity, this region is prone to mountain-valley breeze effect re-
sponsible for the changes in wind direction during the course of the day,
which often may cause a recirculation of urban pollution (Bei et al.,
2018; Dong et al., 2017).

The PM10 measurement sites were located in three representative
areas throughout the city (Fig. 1). A central Site 1 - Belisario (elev.
2835m.a.s.l., coord.78°29′24″ W, 0°10′48″ S) is the most urbanized site
of the study (INEC-DMTV, 2019). A southern valley Site 2 - Los Chillos
(elev. 2453m.a.s.l., coord. 78°27′19″ W, 0°17′48.2″ S) is a site near the
industrial activity zone (metallurgic and chemical industries, industrial
and auto motor oil and lubricant production, etc.), and is situated 4 km
south of a thermal power plant. Finally, the most peri-urban Site 3 -
Tababela (elev. 2331m.a.s.l., coord. 78°20′34.3″ W, 0°11′02″ S) is lo-
cated in the northern valley district near the international airport.

2.2. PM10 sampling and meteorological data

High-volume PM10 (all particles with aerodynamic diameter equal
or under 10 μm) samplers (Tisch Environmental, INC.; EPA reference
method), located on the patios or terraces of buildings, at about 10m
from the ground, were operating with a flow rate of approximately
1.1 m3min−1, under actual conditions of temperature and pressure.
PM10 samplings were carried out between January 1st and October
22nd, 2017 in three study sites (Fig. 1). The 24-h sampling was per-
formed on quartz fiber filters (Whatman, 20.3 cm×25.4 cm). The
frequency of sampling was every sixth day, but only two filters per
month, for each sampling site, were selected to carry out the chemical
analysis in order to minimize costs (see Table S1, for more detailed
information on the dates corresponding to the PM10 filters analyzed).

In addition, the data of criteria pollutants (PM2.5, CO, O3, NO2, SO2)
and meteorological variables (Wind speed, Wind direction,
Temperature, Relative humidity, Precipitation accumulation, Solar ra-
diation and Atmospheric pressure) were collected from the air quality
network in Belisario, Los Chillos and Tumbaco, described elsewhere
(Zalakeviciute et al., 2018, 2017). The two first sites coincide with the
PM10 filter sampling Sites 1 and 2, while the Tumbaco monitoring
station is about 5 km west from the PM10 filter sampling Site 3 - Ta-
babela. In all three sites, the criteria pollutants where measured using
Thermo Fisher Scientific EPA standard methods, and meteorological
variables using Vaisala WXT536 and Kipp & Zonnen instrumentations.
The complementary data were compiled as 24-h averages.

PM2.5/PM10 fraction analysis data were collected from three avail-
able sites also belonging to the city's air quality monitoring network
(Guamani, Carapungo and Tumbaco). The real time concentrations of
PM2.5 and PM10 in these monitoring stations were measured using
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Thermo Fisher Scientific EPA standard method.
Finally, statistical analyses were performed using Igor Pro 6

(WaveMetrics Inc.) and Microsoft Excel (Microsoft Corporation) soft-
ware, while maps of Quito were adapted from Google maps.

2.3. Filter conditioning and weighting procedure

Before and after the PM10 sampling, the quartz fiber filters were
conditioned for 48 h in a room at a constant temperature (20 ± 3 °C)
and relative humidity (50 ± 5%). The conditioned filters were
weighted in a 0.01mg sensitivity microbalance (Radwag). Five con-
secutive weight determinations were performed. After sampling, the
filters were stored in zip-lock bags kept at 4 °C to prevent the volatili-
zation of matter from the filter until chemical analyses were performed.
Net particulate mass gain was determined gravimetrically by the weight
of the filter before and after sampling.

2.4. Sample preparation and chemical analysis

Chemical analyses were performed for filters two days every month
for three sites, resulting in a total of 60 filters analyzed. Chemical
elements were analyzed by an Inductively Coupled Plasma - Optical
Emission Spectroscopy (ICP-OES, Thermo Scientific iCAP 7000 Series).
ICP-OES standards (purchased from Sigma Aldrich) were used for the
external calibration curve to acquire the concentrations of the following
28 elements: B, Ba, Bi, Cd, Cr, Cu, K, Mn, Ni, Pb, Sr, Ti, Zn, Ca, Fe, Al,
Na, Li, Ag, Ga, Mg, V, Te, Se, S, P, Si, and As.

Approximately, 0.0016m2 of each loaded filter and blank filters
were acid digested (10mL 65% HNO3) at 200 °C for 45min, using a
microwave digestion system (MARS 6 - CEM Corporation). The extract
solution was filtered using a Whatman No. 2 (125mm) filter and di-
luted to a final volume of 50mL using ultrapure water.

The reliability of the sample analysis was verified by determining
the recovery percentage of the extraction method. This verification was
carried out by adding the NIST1648a - Urban particulate matter re-
ference material (Sigma-Aldrich) to an unused filter followed by the
same extraction procedure as for the samples. The recovery percentages
were above 85%, which is considered a good result for analysis vali-
dation (Quiroz et al., 2013; Ventura et al., 2014). Limit of detection

(LOD) and quantification (LOQ) for each element were calculated as
three and ten times the standard deviation of ten independent mea-
surements of blank filters (of each them subjected to the same chemical
procedure as the sampled filters) divided by the slope of the analytical
curve. The lowest and the highest value of LOD were
9.66×10−6 μg g−1 (for Sr) and 0.84 μg g−1 (for S), respectively, while
the lowest and highest values of LOQ were 3.22× 10−5 μg g−1 (for Sr)
and 2.79 μg g−1 (for S), respectively.

For the water-soluble ion (NO3
−, NH4

+ and SO4
2−) fraction in

PM10, a 1/32 part of the filter, corresponding to about 0.1 g, was
weighted and placed inside an Erlenmeyer flask with 100mL of Type I
water. It was processed in an ultrasound bath for 1 h, subsequently, the
sample was filtered through the Whatman filter paper. Specifically, for
nitrate analysis, 25mL of sample was placed in an Erlenmeyer flask.
Then 1mL of 1N Hydrochloric acid was added and left to react for
20min. After the reaction, it was read in the UV/VIS spectrophotometer
at 220 nm (Shimadzu brand) (EPA, 2000). For ammonium analysis, a
25mL of sample was measured and processed using 1mL of Phenol
Solution, 1mL of 0.5% Sodium Nitroprusside Solution and 2mL of
oxidizing solution composed of alkaline citrate and sodium hypo-
chlorite, for a duration of 1 h. Afterwards, it was read in the UV/VIS
spectrophotometer at 640 nm (Shimadzu brand) (EPA, 1997). And fi-
nally, for sulfate analysis 25mL of sample was placed with 5mL of
Buffer A solution (30mg MgCl2·6H2O, 5 g CH3COONa·3H2O, 1 g KNO3,
20mL CH3COOH diluted in a total volume of 1000mL) and 0.5 g of
pure Barium Chloride, so that the opalescence of the sample could be
observed. The sample was stirred for 1min and read at 420 nm on the
UV/VIS spectrophotometer (Shimadzu brand).

2.5. Factor Analysis

A Factor Analysis (FA) was carried out to describe the original
variables (i.e., the chemical element concentration) according to a re-
duced number of orthogonal factors (also called eigenvectors). This
analysis allowed us to evaluate and to identify the PM10 polluting
sources in the city of Quito. The FA algorithm searches for the best axes
to project the samples that minimize the loss of information (or varia-
bility) for the cloud of data points. This FA enables us to visualize in
two dimensions (i) the correlation among the variables and (ii) between

Fig. 1. Map of study sites in the complex terrain of the Metropolitan District of Quito: central Site 1 - Belisario, southern valley Site 2 - Los Chillos and the most rural
district Site 3 - Tababela (numbered blue circular markers). Map of Quito was adapted from Google maps.
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the variables and the factors.
In practice, the matrix of the source data, represented by p variables

(here p=15) and n observations (here n=19), is transformed into a
factor matrix, represented by the two factors (e.g., F1 and F2) that
explain the maximum percentage of variability of the original data.
Consequently, the samples can be explored in a new variable space
defined by the factors, or dimensions, which are orthogonal, un-
correlated and a linear combination of the standardized variables (xp).

Once the FA is performed, two parameters are relevant to interpret
the results. First, it is the vector magnitude that represents the varia-
bility of the variables (the longer the vector, the higher the percentage

of variability explained by the space transformation). And second, it is
the angle between the vectors which expresses the correlation between
the variables (the smaller the angle, the higher the correlation).

Here, three FA were run, one for each sampling site (Belisario, Los
Chillos and Tababela). First, an optimal number of parameters was
tested to not lose the representation of the possible sources (i.e. get
eigenvalues as high as possible). Finally, 15 metals were chosen: Na, Ca,
Al, Fe, Mg, Mn, Ba, Ni, V, Cr, Cu, Zn, Pb, Cd and Sr. Moreover, total
PM10, NO3

−, NH4
+, SO4

2−, relative humidity and temperature were
included as supplementary quantitative parameters, to provide addi-
tional variables to interpret the results. The number of parameters was

Fig. 2. Meteorological (Wind speed, Solar radiation, Relative humidity, Temperature and Rain) and chemical (PM2.5, SO2, O3, NO2, CO and PM10) variables for three
sites in Quito, Ecuador from January to October 2017. Round marker lines represent days of chemical analysis, and cross markers represent all days of collected PM10

samples.
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limited to 15 chemical elements and 6 supplementary variables in order
to sustain the precision of the model, by increasing the percentage of
explanation of each dimension. We wanted to explain around 60% of
the variability. From the 20 original observations, the January 1st,
2017 data was removed from the analysis, because of the un-
representative high values in PM10 that can be considered as outliers.
By combining the results of this analysis and the scientific knowledge, it
is possible to group metals into different clusters of pollution sources
(natural vs. anthropogenic), which are represented in a bidimensional
space. Each axis is supposed to explain a different origin of con-
tamination. The analysis was carried out through a program in R by
using the libraries ‘FactoMineR’ and ‘factoextra’ and was developed in
the software application RStudio.

2.6. Comparative analysis with other cities

In order to compare the findings of this study with those of other
cities, two comparative analyses were performed. First, the comparison
of the concentration of PM10 and chemical elements in Quito with the
studies of other 11 cities in the world was performed. Then, the impact
of some parameters, such as year, population and elevation, on the
characteristics of urban pollution was investigated. This analysis con-
sisted of determining the representation of the elements in terms of a
fraction of the total mass of PM10. To do this, the average concentration
of the chemical elements was divided by the mean value of PM10 for the
respective site. This normalization allowed us to apply a certain cor-
rection to the heterogeneity of the collected data (different year of the
study and variation in population size) and make possible the com-
parison between the cities. In order to identify the impact of these
parameters on the proportion of natural-related versus anthropogenic-
related (traffic and industry) sources of contamination, first, the con-
centration of each source group was calculated from the average value
of all the characteristic elements of the group. Then, the ratio of each
group was obtained by dividing the value calculated in the previous
step by the average concentration of the four groups. For this step, it
was preferred to use the average instead of the sum to minimize a
possible bias induced by missing values.

3. Results and discussion

3.1. PM10 concentrations and meteorology

In this section, the correlation between PM10 concentrations and
meteorological variables and criteria pollutants (PM2.5, SO2, O3, NO2,

and CO) is investigated. Visual demonstration in Fig. 2 is supported by a
Pearson analysis (Tables S2–S4). The Pearson analysis also includes the
concentrations of chemical elements and water-soluble ions for further
discussion in section 3.3.

Fig. 2 shows 24-h cumulative PM10 concentrations during the period
of the study: all the collected filter samples (cross markers), and the
filters that have been analyzed for chemical composition (round mar-
kers connected by line). Although daily average PM10 concentrations do
not violate national air quality standards (100 μgm−3), in a few occa-
sions during the year, the WHO recommendation for 24-h (50 μgm−3)
is exceeded. Most of those peaks coincide with the New Year's cele-
brations and regional fire episodes. For example, a large area of forest
south of the city burned in July 2017, doubling the PM10 concentrations
for that period in the southern valley Site 2 - Los Chillos (Fig. 2, red
cross markers). Furthermore, the overall average of PM10 concentra-
tions exceeds health recommendations for annual PM10 levels
(20 μgm−3) at all study sites (Table 1). Average PM10 concentration
(Table 1) was the lowest in the central Site 1 - Belisario
(24.9 ± 9.2 μgm−3) and the highest in the southern valley Site 2 - Los
Chillos (26.2 ± 11.1 μgm−3). However, not counting the days with
peak values (due to festivities and fires), the central Site 1 - Belisario
showed higher overall concentrations of PM10 (data not shown here).

The least urbanized Site 3 - Tababela, in close proximity to the inter-
national airport, showed the lowest variability in PM10 concentrations
(25.7 ± 4.7 μgm−3).

Fig. 2 also shows 24-h average wind speed, relative humidity,
temperature, daytime (6:00–18:00) average solar radiation, and 24-h
cumulative precipitation at three sampling sites. During the study
period, average temperature varied a little: 14.4 ± 1.1 °C at central
Site 1 - Belisario, 16.2 ± 0.9 °C at Site 2 - Los Chillos and
16.9 ± 0.8 °C at Site 3 - Tababela. Meanwhile, precipitation patterns
were more variable. Cumulative daily precipitation ranged from 0mm
to over 30mm. Overall, the rainiest site was Tababela (133mm), fol-
lowed by Belisario (67mm) and Los Chillos (20mm). Wind speed was
greater during the summer months (dry season, June–August) at
1.64 ± 0.65m s−1, compared to the rest of the year
(1.17 ± 0.23m s−1) (Fig. 2).

The days with high PM10 concentration were associated with in-
creased ambient temperature, high ventilation (dust suspension), ab-
sence of precipitation and low relative humidity (Fig. 2) (Braga et al.,
2005; Quiterio et al., 2004; Sánchez-Ccoyllo and de Fátima Andrade,
2002). Solar radiation correlates with ambient temperature and wind
speed, which in turn causes an increase in PM concentrations, due to
dust suspension or pollution transport (Tables S2–S4). It can be ob-
served that this depends on the site. In the case of central and traffic-
busy Site 1 - Belisario, an increase in wind speed causes an increase in
pollution (pollution transport), while in other sites it causes dust re-
suspension or ventilation effect (Fig. 2 and Tables S2–S4).

Fig. 2 also shows 24-h average concentrations of criteria pollutants
(PM2.5, SO2, O3, NO2, and CO) during the study period at study sites. It
is observed that peak SO2 and PM concentrations coincide on January
1st, 2017 at all sampling sites with the available data. This is attributed
to the New Year's celebrations, such as fireworks and massive burning
of traditional dummies in the streets. An increase in gaseous and par-
ticulate pollution during the firework events is a worldwide recognized
phenomenon raising health concerns (Do et al., 2012; Greven et al.,
2019; Licudine et al., 2012; Steinhauser et al., 2008).

It is observed in Tables S2–S4, that there is a significant positive
correlation between PM10 and PM2.5 at all sites. Furthermore, PM10,
PM2.5, NO2, CO and SO2 concentrations often correlate with each other.
However, the high correlation of PM with CO and NO2, at the central
Site 1 - Belisario, suggests motor vehicle exhaust pollution contribution.
It is worth noting that the correlation of PM2.5 with CO and NO2 was
higher than the correlation of PM10 with CO and NO2. This implies that
the emissions of these gaseous pollutants are accompanied by the
emissions of fine particles, as it has been demonstrated in previous
works (Yangyang et al., 2015). At Site 2 - Los Chillos a strong significant
correlation of PM with SO2 and NO2 indicates the influence of ther-
moelectric plant on local pollution. Finally, at Site 3 - Tababela a sig-
nificant correlation between O3 and PM2.5 is observed. O3, as an oxi-
dant, can change the concentration of free radicals in the atmosphere,
thus if O3 concentration increases, the formation of particulate matter
can be strengthened (Jia et al., 2017; Xiao et al., 2011).

The PM2.5/PM10 ratio was analyzed for a number of monitoring
network sites (with available information on both particle size ranges).
PM2.5/PM10 ratio varied from 0.45 to 0.89 in Quito, comparing well
with other studies (Ho et al., 2003; Querol et al., 2004; Sharma and
Maloo, 2005). These findings advocate the importance of studying the
chemical composition of PM10, due to health implications, especially
because of the significant fraction of smaller particles in PM10.

Finally, the analysis of wind was performed for all three sites
(Fig. 3). Foremost, the effect of local complex topography can be ob-
served for Sites 1 and 2. Wind speed is very low on the side of the
mountain and is dominating to the directions of open paths of the
mountain terrain (Fig. 3a and c). Fig. 3a shows that at Site 1 - Belisario
the dominating winds come from the southeast, dictated by the geo-
graphy of the city. Surrounded by the two mountain ranges from the
west and the east, wind sweeps all the air pollution produced in the
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urban canyon towards this site. As per terrain complexity, the effect of
mountain-valley breeze is responsible for wind direction changes
during the course of the day. This may cause a recirculation of urban
pollution (Bei et al., 2018; Dong et al., 2017). A deeper daily analysis of
the wind direction shows a dominant easterly wind during the daytime
(valley breeze) and weaker northerly and northwesterly (mountain
breeze) winds at night (Fig. 3b). This change in wind direction corre-
lates with more urban pollution originating from the south and the
southeast. Strong north winds are also common at Site 1, as the trend
winds change their direction during the windiest summer months (Ju-
ne–August). Similar tendencies are observed in other study sites. In the
case of Site 2 - Los Chillos, winds are common from the east and the
southeast of the valley during the day, while night winds originate more
from the northern direction (thermoelectric power plant) (Fig. 3c). As a
result, even at night, the concentrations of fine particles may increase
(Fig. 3d). Finally, at more open topography Site 3 - Tababela the
dominating winds come from the east, the north (international airport)
and the northeast, following the direction of the trend winds (Fig. 3e
and f).

3.2. Chemical analysis of PM10

Table 1 summarizes the mean, minimum and maximum con-
centration of the chemical elements found in the PM10 samples in the
three sites. It is observed that the major elements in the three sampling
sites are Ca, Na, S, Mg, P, K, Fe, Si and Al, with Ca being the most
abundant in all sites, indicating that soil and dust resuspension prevails
in this region. When compared with the less urbanized Sites 2 and 3,
central Site 1 - Belisario presents higher concentrations of Zn, B, Ba, Cr,

Sr, Mn, Ni and Cd, all associated with anthropogenic emissions.
Southern valley Site 2 - Los Chillos presents a much higher con-

centration for Cu, Pb, Te, Se and V, which are elements mainly related
to burning of fossil fuels or industrial activities (Almeida et al., 2017;
Karagulian et al., 2015; Viana et al., 2008, 2007; Watson and Chow,
2001). This site is within an area of increased industrial activity, where
a thermoelectric power plant, known to burn diesel, fuel-oil and re-
duced crude oil, is located (Zalakeviciute et al., 2017). On the contrary,
the most rural Site 3 - Tababela presents higher values for natural
tracers Al, Mg, Na, Si and Ca, if compared to the other two sampling
sites.

It is worth noting that Pb is detected in all sampling sites exhibiting
similar concentration at Sites 1 and 3, while at Site 2 the concentration
is higher. Howbeit, the Pb concentration was below the annual WHO
guideline of 0.5 μgm−3 at all sampling sites. This heavy metal was
banned in Ecuador since 2000, so its presence in these areas could be
related with non-exhaust emissions from road traffic (Lough et al.,
2005; Thorpe and Harrison, 2008; Young et al., 2002). Moreover, it has
been indicated in literature that Pb persists for several decades in soil/
dust (Shen et al., 2016), so its presence could also be due to the re-
suspension of the earlier vehicular emissions.

In addition, as expected, during the events of fires in the region, the
biomass-burning tracer K showed an increase in concentrations at all
sites. Moreover, it was observed that the concentration of metals pre-
sent in fireworks, such as Cu, Mg, Sr, Pb, Cr and Na (Do et al., 2012;
Greven et al., 2019; Licudine et al., 2012; Phantom Fireworks, 2019;
Steinhauser et al., 2008), exhibited a jump on the 1st of January 2017
(not shown here). The latter two metals exhibited those concentration
peaks only on the 1st of January, while the others had some other peaks

Table 1
Chemical analysis of PM10 for the three sampling sites in Quito.

Site 1 Site 2 Site 3

Belisario Los Chillos Tababela

Element Ave. Min. Max. Ave. Min. Max. Ave. Min. Max.

PM10 (μg m−3) 24.9 9.2 42.4 26.2 11.1 52.6 25.7 4.7 64.6
μg m−3

Ca 7.617 3.440 11.220 6.552 0.829 9.292 7.809 4.094 11.953
Na 4.786 2.730 12.149 3.910 0.462 6.427 4.324 2.991 5.924
S 1.207 0 2.564 1.113 0 2.707 1.014 0 2.724
Mg 1.825 0.808 2.726 1.556 0.198 2.217 1.894 0.954 2.956
P 0.930 0 2.004 0.910 0 1.915 0.908 0 1.837
K 0.728 0.211 3.209 0.408 0.044 0.768 0.387 0.191 0.563
Fe 0.444 0.222 0.992 0.363 0.0719 0.784 0.412 0.0916 0.780
Si 0.255 0 0.726 0.196 0 0.498 0.228 0 0.619
Al 0.382 0.161 1.046 0.470 0 1.884 0.913 0.125 2.163
Ba 0.242 0.089 0.841 0.170 0.007 0.442 0.138 0.0321 0.433
SO4

2- 3.223 1.124 7.349 2.639 0.899 5.569 2.340 0.912 5.616
NO3

− 0.397 0.178 0.913 0.398 0.119 0.705 0.332 0.077 0.601
NH4

+ 0.155 0.029 0.583 0.069 0.016 0.183 0.068 0.015 0.150
ng m−3

Zn 121.283 16.675 431.770 102.836 10.509 278.367 65.136 15.301 182.087
B 113.798 0 419.688 35.211 4.965 106.894 38.491 3.151 146.405
Cu 97.770 23.527 268.520 200.073 9.925 863.635 53.511 15.119 164.123
Cr 95.440 2.492 1158.264 9.258 0.736 28.193 23.311 2.421 117.046
Ga 73.775 0 150.011 48.423 0 154.468 57.339 0 121.652
Sr 56.754 16.290 165.221 33.936 3.424 65.594 32.164 16.319 46.718
Mn 41.710 21.199 68.844 32.454 3.551 59.071 31.094 14.820 78.126
As 5.936 0 5.936 0.4782 0 2.069 1.922 0.451 2.880
Pb 19.570 0.591 83.664 23.854 2.489 107.911 19.797 1.779 89.067
Te 9.630 0 36.135 11.269 0 56.080 12.126 0 47.868
Ni 14.654 0 126.828 7.708 0.210 25.412 2.836 0 7.494
Ag 9.578 0 25.381 11.644 0 44.438 17.068 0 55.096
Se 9.630 0 36.135 7.432 0 35.770 9.129 0 30.360
Bi 0.942 0 14.644 0.546 0 6.833 0 0 0
V 5.006 0 17.211 10.119 0 59.842 5.404 0 11.952
Cd 2.909 0.316 14.145 1.522 0.070 5.825 2.100 0.250 7.445
Li 0.142 0 2.833 0.269 0 2.289 0.424 0 4.2
Tl ND ND ND 0.0767 0 1.534 0.0319 0 0.6
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throughout the year.
Unfortunately, it is found that the mean concentration of toxic

heavy metals in Quito, like Cr and As, violate the health re-
commendations of 0.2 ngm−3 and 0.57 ngm−3, respectively (Licudine
et al., 2012). For example, average concentrations of As exceed health
recommendations by up to 10 times and Cr by up to 475 times, de-
pending on the site. In both cases, the concentration of these heavy
metals is the highest in the central Site 1 - Belisario, raising serious
health concerns for the population (Gibb et al., 2000), especially den-
sely populated and transited in this part of the city. Moreover, it is
identified that the concentration of Ni exceed the US-EPA standard
value of 0.24 ngm−3 (Quiterio et al., 2004), mainly in Site 1 - Belisario,
where Ni concentration is 61.25 times higher than the standard value.
This metal is mainly associated with oil burning, fossil fuel use, and
emissions from industrial and stationary sources. Moreover, it can also
be emitted from vehicle exhaust as it is used as an additive in fuels
(López et al., 2005). As previously mentioned, this site is downwind
from a big part of the city, north of residential, traffic and industrial
activities.

Table 1 also shows the concentrations of water-soluble ions. SO4
2−,

NO3
− and NH4

+ are secondary aerosols formed through the oxidation
of SO2 and NOx (Kai et al., 2007) and the reaction between NH3 and
acidic species present in either the gas or aerosol phase (Zhou et al.,
2016). SO2 and NOx can be converted to SO4

2− and NO3
−, respectively:

(i) through atmospheric photochemical changes that convert directly
SO2 and NOx into SO4

2−, NO3
−; (ii) through the reaction with H2O to

acid which are oxydized; and (iii) through heterogeneous reactions that
occur on the aqueous surface layer of preexisting particles where SO2

and NOx react with O3, H2O2 or OH to form SO4
2− and NO3

− (Ding and
Zhu, 2003; Wrzesinsky and Klemm, 2000; Yao et al., 2002). The latter
pathway is much more efficient than homogeneous formation in the
atmosphere, the efficiency of which increased with increasing humidity
when humidity increases (Li-Jones and Prospero, 1998; Yao et al.,
2002). It is observed that the SO4

2− concentration is higher than the
rest of ions for all the studied sites, being higher in the Site 1 - Belisario
than in the other two sampling sites. This fact could strongly suggest
contribution from combustion emissions. It is observed in Table S3 that,
in Site 2 - Los Chillos, NO3

− is significantly related to relativity hu-
midity (R=0.54), while in Site 3 - Tababela a significant correlation
between SO4

2− and rain exist (R=0.52). The latter correlates well
with relativity humidity (R=0.46) (Table S4), which may indicate that
the formation of SO4

2− and NO3
− occur mainly by path (iii) in these

sites. Moreover, the positive correlation between SO4
2− and rain in Site

3 could also suggest an indirect effect of precipitation on reduced wind
speeds (R=0.46), and thus reduced pollution ventilation. This is fur-
ther supported by even better correlation between SO4

2− and wind
speed (R=−0.59).

It is worth mentioning that NO3
− strongly significantly antic-

orrelated with atmospheric pressure (R=−0.66) in the most urba-
nized Site 1 - Belisario (Table S2). Since high pressure system forms in
the region during the summer months (June–August), with reduced
traffic activity, and significantly stronger winds, this could explain in

Fig. 3. Wind roses for the study sites: a) Site 1- Belisario, c) Site 2- Los Chillos and e) Site 3- Los Chillos. And hourly wind direction and PM2.5 concentration
measurements for selected days for the study sites: b) Site 1- Belisario, d) Site 2- Los Chillos and f) Site 3- Los Chillos.
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the drop of NO3
− concentrations due to ventilation effect. Similarly, at

Site 2 - Los Chillos NO3
− negatively correlates with wind speed

(R=−0.46), also pointing to ventilation effect.

3.3. Factor analysis of elements

In order to identify the sources of PM10 emissions, Factor Analysis
(FA) was performed for each sampling site. For this analysis, 15 ele-
ments were selected, among the 28 analyzed. Factors with eigenva-
lues> 1 were considered relevant. Four factors were identified, ex-
plaining around 85% of the data variability for each sampling site
(Tables 2–4). Additionally, a biplot, based on the first and second
components of the FA for element concentrations, was represented for
each study site (Fig. 4). These two factors explain the majority (about
60% in all sites) of the data variability. In this plot, PM10 concentration,
a few selected meteorological parameters (temperature and relative
humidity) and ion concentrations were added as supplementary vari-
ables, based on the best trial results. This was done in order to assess the
correlation of these additional parameters with the variable considered
in the FA (concentration of chemical elements) and, consequently, to
complement the explanation of the results. In Fig. 4 the elements were
split into industry (blue markers), traffic (red markers), mixed traffic/
industry (purple markers) and natural (green markers) sources based on

the results from Tables 2–4 and literature. Moreover, in order to sup-
port the conclusions obtained from FA, the Pearson correlation analysis,
mentioned previously in section 3.1, was used (Tables S2–S4).

In the most urbanized central Site 1 - Belisario, Factor 1 is domi-
nated by Ba, Sr, Cd, Cr, Cu, Mn, Pb, Zn and Ni, which suggest the in-
fluence of anthropogenic sources (vehicular emissions and industries)
(Table 2, Fig. 4a). Because there is a high traffic flow in this site, instead
of industrial activities, the emissions are mainly attributed to road
traffic, specifically from non-exhaust emissions, such as wear of tire
tread and brake linings (Thorpe and Harrison, 2008). This can be
supported by Fig. 4a where it is observed that traffic tracers Ba and Sr
overlap with the mixed traffic/industry cluster formed by Cr, Zn, Pb,
Cu, Cd and Mn (Viana et al., 2008, 2007; Watson and Chow, 2001). All
of them show a strong confidence level indicated by the large magni-
tude of the eigenvectors (see Fig. 4a) and high Pearson correlation
coefficients (see Table S2). Factor 2 has high loading for Ca, Fe, Al, Na
and Mg also forming a cluster (Fig. 4) that may be explained by natural
sources, such as dust and soil particles (Belis et al., 2013; Karagulian
et al., 2015). On the other hand, Fig. 4a shows that V has a low con-
fidence level (small vector length) and this is because this heavy metal
is better described by Factor 3 rather than Factor 1 or 2 (see Table 2).
Finally, Pearson analysis (Table S2) shows the importance of wind
speed in pollution transport (K), and the importance of temperature
increase in resuspension of natural PM components (Ca, Fe, Al, Mg).
This can be explained by the effect of surface warming on turbulence.
The anticorrelation between criteria pollutants and non-exhaust motor
vehicle tracers indicates different conditions for forming part of PM.
While the latter require more ventilation, the former require more
stagnant atmospheric conditions.

In the Southern valley Site 2 - Los Chillos, Factor 1 includes Sr, Cd,
Cr, Mn, Pb, Ni and V, and may be associated with the various industrial
activities in the surroundings of the monitoring station, such as steel
industry and thermoelectric power plant (Table 3, Fig. 4b). The highly
intercorrelated industrial tracers (V and Ni) are encompassed in the
cluster formed by the mixed traffic/industrial tracers (Fig. 4b), which
could confirm that this zone has industrial activity that contribute to
the metal composition in the PM10. Steel industry has been reported to
emit Mn, Ni and Cr (Braga et al., 2005; Quiterio et al., 2004), while
thermoelectric power plant is known to emit Cd, Cr, Pb, Ni and V
(Pastrana-Corral et al., 2017; Rotatori et al., 2003). This is further
supported by SO2 correlation with Mn, Ni, Zn and V (Table S3). Factor 2
is represented by the natural related elements Ca, Fe, Na and Mg,
forming a cluster (Fig. 4b). These elements are positively correlated
with each other and with total PM10 and, as in the case of Site 1, with

Table 2
Loads and explained variance (percentage and eigenvalue) of each element for
the four most significant FA dimensions in Site 1 - Belisario.

Element Factor 1 Factor 2 Factor 3 Factor 4

Ba 0.67 0.27 −0.08 0.67
Sr 0.93 0.17 0.23 −0.16
Cd 0.94 −0.20 0.12 −0.16
Cr 0.54 0.10 0.03 −0.39
Cu 0.87 0.22 0.06 −0.04
Mn 0.66 0.58 0.13 −0.13
Pb 0.77 −0.25 0.03 0.08
Zn 0.77 0.33 −0.14 0.44
Ni 0.79 −0.43 0.24 −0.15
V −0.29 −0.32 0.85 0.20
Ca 0.04 0.83 0.36 −0.11
Fe −0.38 0.50 0.43 0.13
Al −0.25 0.52 0.52 −0.13
Na −0.22 0.68 0.18 −0.18
Mg 0.12 0.77 0.25 −0.18
Eigenvalue 5.96 2.87 2.45 1.20
Variance (%) 39.76 19.11 16.37 7.97
Cumulative variance (%) 39.76 58.87 75.23 83.21

Table 3
Loads and explained variance (percentage and eigenvalue) of each element for
the four most significant FA dimensions in Site 2 - Los Chillos.

Element Factor 1 Factor 2 Factor 3 Factor 4

Ba −0.14 0.59 0.78 −0.13
Sr 0.95 0.16 −0.06 0.20
Cd 0.82 −0.34 0.16 0.25
Cr 0.60 −0.35 0.05 0.32
Cu 0.20 0.16 0.30 0.61
Mn 0.77 0.44 −0.27 −0.07
Pb 0.87 −0.35 0.22 −0.02
Zn 0.37 0.01 0.85 0.22
Ni 0.77 −0.35 0.19 −0.40
V 0.77 −0.31 0.17 −0.45
Ca 0.47 0.74 −0.38 0.08
Fe 0.33 0.66 −0.17 −0.31
Al −0.10 0.21 0.19 0.28
Na 0.22 0.82 −0.35 −0.24
Mg 0.50 0.72 −0.36 0.12
Eigenvalue 5.85 3.12 2.48 1.20
Variance (%) 38.99 20.79 16.53 7.99
Cumulative variance (%) 38.99 59.78 76.30 84.29

Table 4
Loads and explained variance (percentage and eigenvalue) of each element for
the four most significant FA dimensions in Site 3 - Tababela.

Element Factor 1 Factor 2 Factor 3 Factor 4

Ba 0.04 0.92 −0.36 −0.07
Sr 0.90 −0.16 −0.37 0.00
Cd 0.87 0.13 0.18 −0.20
Cr 0.36 0.02 0.55 −0.58
Cu 0.62 −0.07 0.01 −0.29
Mn 0.71 −0.25 −0.31 0.17
Zn 0.40 0.88 0.11 −0.12
Pb −0.12 0.44 0.43 0.60
Ni 0.81 −0.03 0.51 0.12
V 0.75 0.28 0.43 0.17
Ca 0.93 −0.11 −0.20 −0.09
Fe 0.69 0.02 −0.02 0.66
Al 0.94 0.01 0.21 0.00
Na 0.57 −0.25 −0.48 0.22
Mg 0.95 −0.11 −0.19 −0.07
Eigenvalue 6.96 2.96 1.87 1.15
Variance (%) 46.39 19.77 12.44 7.66
Cumulative variance (%) 46.39 66.15 78.59 86.25
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temperature and wind speed, indicating the effect of resuspension
(Table S3). Factor 3 has significant loadings for Ba and Zn. These metals
have been identified to be present in brake dust samples (Iijima et al.,
2007; Lough et al., 2005; Sternbeck et al., 2002; Thorpe and Harrison,
2008). Moreover, Zn has also been associated with tire dust (Fergusson
and Kim, 1991; Sadiq et al., 1989; Smolders and Degryse, 2002; Thorpe
and Harrison, 2008). This indicates, that there is a third source related
to road traffic. Finally, the fourth factor is represented by Cu, which is a
tracer for smelting furnace burning, diesel combustion and break lining
wear (Dai et al., 2015).

In the most peri-urban district Site 3 - Tababela, the FA reflects a
complex pollution pattern originated from various sources. Factor 1
explains almost half (46.4%) of the variance, and is loaded with Sr, Cd,
Cu, Mn, Ni, V, Ca, Fe, Al, Na and Mg which are elements from natural
and anthropogenic sources (Table 4). This might suggest that soil in this
region is enriched with a sedimentation of transported particles, due to
the fact that there are not many industrial nor traffic activities in this
area. This is supported by Fig. 4c that shows that the traffic and in-
dustrial tracers are encompassed in two overlapping clusters. Likewise,
Pearson correlation analysis shows a wide array of parameters that
correlate with each other, in contrast to other sites (see Table S4). A
significant correlation of solar radiation and temperature with multiple
industrial and natural tracers points to resuspension of those compo-
nents. Furthermore, this zone contains the international airport, which
might cause very different trends in the presence of heavy metals in the
filter samples (see Fig. 4c). Aircraft jet engines are known to emit metal
particles such as Pb, Zn, V, Cu (Boyle, 1996), Ba and Al (Fordyce and
Sheibley, 1975) due to engine erosion and the combustion of fuel
containing trace metal impurities.

Regarding to the water-soluble ions (Fig. 4), they tend to be grouped
away from the primary elemental components in the case of Site 1 -
Belisario (Fig. 4a). This confirms that all analyzed ions are originated in
a different manner. On the other hand, for Site 2 - Los Chillos and Site 3
- Tababela, the cluster of these ions is located very close to the center of
the graph, indicating a limited reliability of the explanation of these
data in this factorial space (Fig. 4b and c, Tables S3 and S4).

3.4. Comparison with other cities

The concentrations of PM10, some chemical elements and water-
soluble ions found in the present study were compared to the results of
a number of available studies performed in other cities around the
world (see Table 5). The comparison includes cities in: (i) Latin
America, such as Cienfuegos (Cuba), Chillan (Chile), Cordoba and
Buenos Aires (Argentina), Rio de Janeiro (Brazil), Bogota (Colombia)
and Mexico City (Mexico); (ii) Europe, such as Palermo (Italy) and
Athens (Greece); and (iii) Asia, such as Kanpur (India) and Hong Kong
(China). Although the cities encompass a wide range of population sizes
(146,701–18,457,000 inhab.) and a variety of elevations (14-
2850m.a.s.l.), the characteristics of the sites in these studies compare
well with those in this work, i.e., urban and/or industrial areas. Since
the reviewed studies vary by the year of investigation, the normal-
ization techniques described in section 2.6 were applied to mitigate the
effects of the evolution of fuel quality, industry regulations, rapid in-
dustrialization and motorization of the cities.

It can be observed in Table 5 that, the concentration of metals as-
sociated with natural sources, such as Mg, Ca and Na, was found to be
higher in Quito than in other cities around the world. This could be due
to different factors, such as the chemistry composition of natural

Fig. 4. Biplots based on the first and second components of the FA for element
concentrations in the PM10 filters at: a) Site 1- Belisario, b) Site 2- Los Chillos, c)
Site 3- Tababela. The supplementary variables NH4, SO4, NO3, RH and Temp
stand for ammonium, sulfate, nitrate, relative humidity and temperature, re-
spectively. For better clarity, the eigenvectors are represented by dots.
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sources in this city, such as soil, as well as meteorological conditions
that could promote the resuspension of dust in this city. In addition, the
city is rapidly growing, with an intense activity of constructions,
especially in the central Site 1 - Belisario and the area near Site 3 -
Tababela. Most of the other elements are well compared with all other
cities, except for S concentration, which is mainly formed from burning
of coal (Braga et al., 2004). Its concentration is higher in Quito if
compared to other two reported cities (Cienfuegos (Cuba) and Cordoba
(Argentina)), which could be explained by the low-quality high sulfur
content fuels (Zalakeviciute et al., 2017) used in a more populous city.
This may imply serious health risks for the population of this rapidly
growing city.

Table 5 shows that the concentrations of the inorganic ions NO3
−

and SO4
2−, which are formed from the oxidation of pollutants asso-

ciated with combustion emissions, i.e., NOx and SO2, respectively, are
well compared with other developing countries. This suggests that the
implementation of stricter regulations to reduce combustion emissions
is necessary in the city of Quito. On the other hand, the concentration of
NH4

+, which is mainly derived from agriculture activities, i.e. NH3, and
acidic species present in either the gas or aerosol phase, is at least twice
lower in Quito than in the other cities.

Finally, it can be observed in Table 5 that there is no direct relation
between the concentration of PM10 and population or elevation. For
example, the PM10 concentration in Quito (2,239,191 inhab.,
2850m.a.s.l.) is comparable to the concentrations found in Cienfuegos
(150,404 inhab., 25m.a.s.l.), Palermo (673,735 inhab., 14m.a.s.l) and
even in Rio de Janeiro (6,320,446 inhab., 11m.a.s.l.). On the other
hand, the cities with the highest PM10 concentrations were Chillan
(146,701 inhab. 124 m.a.s.l.), Cordoba (1,391,000 inhab., 450m.a.s.l.),
Kanpur (2,715,555 inhab., 126m.a.s.l.) and Mexico City (18,457,000
inhab., 2240m.a.s.l.). It might suggest that there are several other
variables, different than the population and elevation that influence the
overall PM10 concentrations in a city, such as meteorology, terrain,
topography, fuel availability, etc.

For instance, in a previous study we showed the positive impact of
implementations of fuels and traffic regulations on air quality
(Zalakeviciute et al., 2017). This advocates studies focusing on cities of
all population sizes, since in many cases, a smaller city may also have
air pollution problems (see Table 5).

An additional correlation analysis shows the coefficients of corre-
lation between the concentration of PM10 and the groups of the che-
mical elements and demographic/geographic data, after a normal-
ization based on the value of PM10 (Table 6). A positive correlation is
observed between the traffic-related elemental fraction and the eleva-
tion of the city (R=0.76). Different factors may influence this beha-
vior. For example, the decrease in air pressure and shortage of oxygen
concentration in the air of high altitude cities can change the normal
operation of the engine, i.e., can increase the fuel consumption and
decrease the thermal efficiency (Wang et al., 2013), can reduce the
power output (He et al., 2011) and can deteriorate the in-cylinder
combustion (Liu et al., 2017). As a result, the vehicle exhaust emissions
can be promoted (Bishop et al., 2001; Rech et al., 2007; Wang et al.,

2018). Also, the complexity of terrain, common in high elevation cities
(included in this study), can affect the vehicle emissions, as it might
involve more braking and more accelerating. To the best of our
knowledge, these studies do not exist, suggesting opportunities for
posible future investigations. Similarly, a positive correlation between
the traffic tracers in PM10 and the year is observed (R=0.51), possibly
because of the motorization tendency in the world (Bureau of
Transportation Statistics, 2019). On the other hand, a significant posi-
tive correlation between population and industrial tracers is observed
(R=0.70), which suggests that the increase in population might con-
sequently augment the fraction of industrial composition of PM10

(Peterson, 1973).

4. Conclusions

The first ever PM10 chemical analysis was performed in the high
elevation complex terrain Ecuadorian capital – Quito. The analysis of
PM10 elements and inorganic ions was successfully carried out during
the first ten months of 2017 in three different sites of the city. Average
PM10 concentrations varied from 24.9 μgm−3 to 26.2 μgm−3, with
some peaks during episodes of fires and New Year's festivities. The
major chemical elements found in all the studied sites were Ca, Na, S,
Mg, P, K, Fe, Si and Al, representative of natural sources of soil and dust
resuspension. Central Site 1 - Belisario, differs by higher concentrations
of Zn, B, Ba, Cr, Sr, Mn, As, Ni and Cd, associated with anthropogenic,
mostly, traffic-related emissions. In developing countries, low quality
diesel fuel is recognized for emitting higher quantities of heavy metals,
resulting in increased levels of those tracers in traffic circulated areas.
Southern valley Site 2 - Los Chillos showed higher concentrations of Cu
and V, compared with the other two sites, which are metals related to
industrial activities. Finally, the most rural Site 3 - Tababela presented
higher values for natural tracers Al, Mg and Ca, compared to the other
two sites. Factor analysis showed a mix between the anthropogenic and
natural sources for this site, suggesting dust saturation with transported
urban pollution. Some tracer metals for airport emissions (Ba, Pb, Cr
and Zn) were also registered in this site. The most abundant inorganic
ion in Quito was SO4

2−, indicating combustion of fossil fuels and in-
dustrial activities.

A comparison of the results obtained in this work, with those of
other cities, showed that the elevation of the city could be an important
contributing factor for traffic tracer emissions. The air quality in rela-
tively small population size Quito compares well with other cities of the
world, with the presence of high concentrations of some toxic metals
hazardous to human health such as Cr. Concentrations of this toxic
metal exceed health recommendations by up to 475 times, with peaks
attributed to firework activity. This implies the necessity of stricter
regulations in some cities, whether it has to do with firework use or
control on their quality. Another health violation is shown for Ni and As
concentrations and annual PM10 levels.

This work emphasizes the fact that megacities are not necessarily
the only ones suffering from air pollution. This suggests that more at-
tention should be given to midsize cities that lack stricter regulations.
This problem constitutes a fundamental challenge in terms of public
health, since the continued exposure to PM and toxic compounds can
yield adverse effects in the long term, especially in children and elderly.
In that sense, this study paves the way for further research to better
understand the air quality in midsize high elevation cities.
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