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ABSTRACT
The ambient air of the Monterrey Metropolitan Area (MMA) in Mexico frequently exhibits high levels
of PM10 and PM2.5. However, no information exists on the chemical composition of coarse particles
(PMc = PM10 – PM2.5). A monitoring campaign was conducted during the summer of 2015, during
which 24-hr average PM10 and PM2.5 samples were collected using high-volume filter-based instru-
ments to chemically characterize the fine and coarse fractions of the PM. The collected samples were
analyzed for anions (Cl–, NO3

–, SO4
2–), cations (Na+, NH4

+, K+), organic carbon (OC), elemental carbon
(EC), and 35 trace elements (Al to Pb). During the campaign, the average PM2.5 concentrations did not
showed significance differences among sampling sites, whereas the average PMc concentrations did.
In addition, the PMc accounted for 75% to 90% of the PM10 across the MMA. The average contribution
of the main chemical species to the total mass indicated that geological material including Ca, Fe, Si,
and Al (45%) and sulfates (11%) were the principal components of PMc, whereas sulfates (54%) and
organic matter (30%)were the principal components of PM2.5. The OC-to-EC ratio for PMc ranged from
4.4 to 13, whereas that for PM2.5 ranged from 3.97 to 6.08. The estimated contribution of Secondary
Organic Aerosol (SOA) to the total mass of organic aerosol in PM2.5 was estimated to be around
70–80%; for PMc, the contribution was lower (20–50%). The enrichment factors (EF) for most of the
trace elements exhibited high values for PM2.5 (EF: 10–1000) and low values for PMc (EF: 1–10). Given
the high contribution of crustal elements and the high values of EFs, PMc is heavily influenced by soil
resuspension and PM2.5 by anthropogenic sources. Finally, the airborne particles found in the eastern
region of the MMA were chemically distinguishable from those in its western region.

Implications: Concentration and chemical composition patterns of fine and coarse particles can
vary significantly across the MMA. Public policy solutions have to be built based on these
observations. There is clear evidence that the spatial variations in the MMA’s coarse fractions
are influenced by clearly recognizable primary emission sources, while fine particles exhibit
a homogeneous concentration field and a clear spatial pattern of increasing secondary contribu-
tions. Important reductions in the coarse fraction can come from primary particles’ emission
controls; for fine particles, control of gaseous precursors—particularly sulfur-containing species
and organic compounds—should be considered.
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Introduction

Population exposure to PM10 (particles with an aerody-
namic diameter less than 10 μm) and PM2.5 (fine particles
with an aerodynamic diameter less than 2.5 μm) has been
associated with cardiovascular and respiratory diseases, as
well as other human health impacts, worldwide (Davidson,
Phalen, and Solomon 2005; Grahame, Klemm, and
Schlesinger 2014; Lippmann 2011; Pope et al. 2011). The
World Health Organization (WHO) has set recommended
air quality standards for PM10 at 50 µg m–3 for 24-hr
averages and 20 µg m–3 for annual averages; for PM2.5,
these standards are set to 25 µg m–3 for 24-hr averages and
10 µg m–3 for annual ones (WHO, 2006).

PM10 mass concentrations in ambient air are cate-
gorized primarily into two size fractions: PMc (coarse
particles with an aerodynamic diameter between 2.5
and 10 μm) and PM2.5. The sum of these two fractions
is PM10. Several studies have focused on the health
effects of PM2.5, as they have been linked to adverse
human health effects (Ito et al. 2011; Ostro et al. 2008).
However, cardiovascular and respiratory effects, as well
as total mortality, have also been associated with PMc

(Atkinson et al. 2010; Chen et al. 2011; Graff et al. 2009;
Mallone et al. 2011; Meister, Johansson, and Forsberg
2012; Tobías et al. 2011), which has implications for
environments where PMc are often the major fraction
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(50–70%) of PM10 (Clements et al. 2013; Sprovieri et al.
2011; Sprovieri and Pirrone 2008). This is relevant for
the Monterrey Metropolitan Area (MMA), a region
with a semiarid climate that could suggest a relevant
contribution of geological material (Al, Ca, Si, and Fe)
to PMc.

Airborne particles are a complex mixture of carbo-
naceous material, soluble inorganic compounds, and
trace elements. In addition, each size fraction has
a characteristic chemical profile. The chemical compo-
sition of airborne particles is a key factor for determin-
ing their source contributions. Based on the size
fraction, possible sources of PM2.5 include emissions
from anthropogenic-related activities, such as transpor-
tation, electricity generation, biomass burning, and
industrial activities; natural sources, such as vegetative
detritus; and secondary formation processes, including
nucleation and growth by photochemical processes
(George and Abbatt 2010; Seinfeld and Pandis 2006;
Zhang et al. 2012). In contrast, PMc commonly come
from abrasion processes, including crustal material and
vehicle wear products (Minguillón et al. 2012; Richard
et al. 2011). Other sources of PMc include animal feed-
ing operations and handling operations for bulk mate-
rial, such as grain processing (Cambra-Lopez et al.
2010). Primary and secondary aerosols undergo chemi-
cal and physical aging processes in the atmosphere that
affect the contribution to PM2.5 and PMc of the differ-
ent chemical species (Jimenez et al. 2009).

In the MMA, the third largest urban center in Mexico,
air pollution attributable to airborne particles has become
a significant problem for both visibility and human
health. In 2015, the MMA exhibited annual averages in
its routine monitoring network in the range of
20–34 μg m–3 for PM2.5 and 46–84 μg m–3 for PM10;
these values exceeded their corresponding national air
quality standards of 12 μgm–3 and 40 μgm–3, respectively.
Only in the previous year, 24-hr average standards were
exceeded up to 18 days (PM2.5) and 191 days (PM10) in
comparisonwith other pollutants, for example ozone, that
exceeded their 1-hr standard up to 53 days. As in other
parts of the world, in Mexico, high levels of suspended
particulate matter in the ambient air have been associated
with health risks, neonatal mortality, and visits to hospi-
tals (Hinojosa-Velasco et al. 2010; Mejía-Velázquez and
Lerma-Serna 2013; Rojas-Moreno et al. 2008). In the
MMA, several studies have been conducted to chemically
characterize the ambient PM2.5 and PM10 (Badillo-Casta
ñeda et al. 2015; Blanco-Jiménez et al. 2015; Garza-Oca
ñas et al. 2010; González et al. 2016; González Cárdenas
2014; Mancilla et al. 2016; Martínez et al. 2012), and other
studies have used these chemical characterizations to
carry out source apportionment calculations (Mancilla

et al. 2016; Martínez et al. 2012) and develop chemical
emission profiles for PM2.5 (Mancilla, Araizaga, and
Mendoza 2012; Mancilla and Mendoza 2012; Medina
Gaitán 2015; Valdez Cerda et al. 2011). However, many
of these studies have focused on PM2.5; only Blanco-Jim
énez et al. (2015) estimated a preliminary source contri-
bution for PMc.

Because airborne particles are strongly linked to air
pollution in the MMA, it is advisable to investigate their
components and emission sources for both coarse and
fine size fractions. These data are key both to assessing the
efficacy of public policies and programs designed to
reduce air pollution and to updating and improving
them. Unlike previous studies, the present study simulta-
neously analyzes the chemical composition of particles in
the fine and coarse fractions in several urban locations
within the MMA. In addition, the secondary organic
aerosol (SOA) contributions and enrichment factors
(EF) are estimated to identify the origin of the fine and
coarse particles. This analysis will provide new data to
support decision making about air quality in the MMA.

Methodology

Sampling site

The MMA is the third largest Mexican urban center
and is located in the northeastern region of the country
(25°40’17” N, 100°18’31” W). It has 5.1 million inhabi-
tants (INEGI 2015), encompasses 6,682 km2 (SEDESOL
et al. 2007), and has 1.9 million vehicles (INEGI 2015).
It has a local routine monitoring network (Integral
Environmental Monitoring System, with initials SIMA
in Spanish) that monitors the air quality of the airshed.
Prior to this study, SIMA had seven operational mon-
itoring stations spread throughout the MMA. Data
from SIMA were used to determine the sampling sites
through the comparison of PM2.5 and PM10 concentra-
tions among monitoring stations. These sampling sites
were selected by performing an analysis based on coef-
ficients of divergence (COD) using the recorded ambi-
ent concentrations of PM2.5 from five air monitoring
stations and PM10 from seven. Data from only five
stations were used for fine PM because these were the
only stations that had operational PM2.5 equipment
with valid registries. Annual CODs were determined
for each monitoring station in relation to the others
for the period from 2011 to 2014 using the following
equation (Pinto, Lefohn, and Shadwick 2004):

CODjk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p

Xp
i¼1

xij � xik
xij þ xik

� �2vuut (1)
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where xij and xik represent the 24-hr average concen-
tration of either PM2.5 or PM10 for the observation i at
the j and k monitoring stations, and p is the total
number of observations to be compared. A CODjk

value of 0 implies that the observations for a given
pair of monitoring stations are alike, whereas a value
of 1 means that the values obtained by the monitoring
stations are completely dissimilar. In this study, the
monitoring stations with the highest COD values were
selected as sampling sites in order to analyze the spatial
variability of the air pollutant concentrations across the
MMA. The annual CODs for each monitoring station
were determined for four years (2011–2014), conduct-
ing a matrix comparison of those values. Subsequently,
the calculated CODs for each monitoring station for
each of the four years were added. Finally, the selection
of the sampling sites was based on the highest sum of
CODs. These results are summarized in Table 1. As can
be observed, during 2011–2014, the station located in
the northwest exhibited the lowest sum of CODs.
Therefore, for both PM2.5 and PM10, the selected

sampling sites were the southwest (SW), downtown
(CE), northeast (NE), and southeast (SE) monitoring
stations (Figure 1). The SW site is located downwind of
most of the emission sources in the MMA, and it is
where the highest concentrations of some pollutants,
such as PM10 and ozone, regularly occur. The CE site
allows the assessment of the mix of pollutants that are
emitted from area and mobile sources in the downtown
area of the MMA and the influence of downwind sources
to the east. Finally, the NE site is located downwind from
an industrial corridor, and the SE sites are downwind
from limited industrial areas; both areas are densely
populated. Figure 2 depicts the predominant direction
of wind flow across the MMA during the monitoring
campaign (east to west, with some variations); the east-
to-west wind direction is the typical pattern for the
MMA (Hernández Paniagua, Clemitshaw, and
Mendoza 2017). This information illustrates the down-
wind direction for each site, as described earlier, and is
key to understanding the enrichment processes of the
coarse and fine particle fractions.

Sampling periods and equipment

Particle samples were collected on 8 × 10-inch (Whatman
QMA) quartz microfiber filters using two high-volume
filter-based samplers (Tisch Environmental, Inc.) oper-
ated at a flow rate of 1.13 m3 min–1 and located side by
side, one with a size-selective inlet for PM2.5 (model TE-
6001–2.5) and the other with a size-selective inlet for
PM10. The calibration of the samplers was performed
before the start of the sampling at each site, using its

Table 1. Sum of CODs for PM2.5 and PM10 in the MMA.

Station/year

2011 2012 2013 2014

PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10

SE 0.94 0.95 0.70 0.87 0.67 1.16 0.75 1.34
NE 0.66 0.86 0.64 0.74 0.68 1.05 0.65 1.07
CE 0.63 0.98 0.59 1.09 0.64 1.40 0.60 1.05
NW 0.65 0.89 0.54 0.76 0.55 1.07 0.59 0.98
SW 0.72 1.07 0.68 * 0.67 1.13 0.63 1.24
NW2 * 1.26 * 1.06 * 1.40 * 1.15
N * 1.04 * 0.83 * 1.14 *

Notes. NW = Northwest; NW = Northwest 2; N = North.
*No data were available to calculate the corresponding COD.

Figure 1. Location of all monitoring stations in the MMA, with sampling sites (red circles) and nonsampling sites (gray circles) for
PM2.5 and PMc.
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corresponding calibration orifice (National Institute
Standards and Technology Traceable Calibration
Certificate). In addition, the impactor stages were greased
before sampling at each location using a silicone oil
release spray (Dow Corning). At each sampling site, 24-
hr averaged PM2.5 and PM10 samples were collected for 7
days. The samples were collected at each sampling site
during different periods, as follows: June 3 to June 9 (SW),
June 11 to June 15 and June 25 to June 26 (CE), June 29 to
July 5 (NE), and July 7 to July 14 (SE). Although the
samples were not collected simultaneously, the sampling
was conducted during the same season; this allows us to
explore spatial differences across the MMA. For each
sample, the collection started every day at 8:00 a.m. and
ended at 8:00 a.m. of the next day. In total, 56 samples and
4 field blanks were collected for this monitoring cam-
paign. For each field blank, the filter was installed and
left in the sampler, with the sampler turned off, for 24 hr;
the filter was treated in the same way as the loaded filters
during all transportation and storage stages. These blanks
were used to correct each ambient sample. In addition, all
the samples were stored in a freezer at –20°C until they
were analyzed in September 2015.

Analyses and chemical characterization

The analytical measurements were conducted accord-
ing to the letter of each standard method described in

this section. The microfiber quartz filters were baked at
~600°C for at least 8 hr in order to remove organic
residues prior to use in the field. The filters were
weighed before and after field sampling using
a Sartorius ME5 microbalance (1 mg readability) in
a weighing chamber with controlled temperature and
relative humidity to obtain the total collected particu-
late matter. The allowable weighing temperature was
a 24-hr average between 20°C and 23°C (standard
deviation less than 2°C), and the 24-hr mean relative
humidity was maintained between 30% and 40% (stan-
dard deviation less than 5%). The same filters were then
analyzed for 35 trace elements (Al, P, S, Cl, K, Ca, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb,
Sr, Y, Zr, Mo, Pd, Ag, Cd, In, Sn, Sb, Ba, La, Hg, Pb) by
x-ray fluorescence (XRF) following Protocol 6 of the
IO-3.3 method from the U.S. EPA (SRM 1832, 1833).
Because quartz filters were used for this study, the
concentrations of Si, Na, and Mg were not reported,
as quartz is a mineral composed of Si with some impu-
rities of Na and Mg, and it might cause interference in
their real quantification. The content of inorganic ions
was determined by ion chromatography (Thermo
Scientific Dionex). The analyses for anions (Cl–, NO3

–,
SO4

2–) were conducted following the 300.0 method
from the U.S. EPA using a Dionex column and con-
ductivity cell detector. A sodium bicarbonate (1.7 mM
NaHCO3) and sodium carbonate (1.8 mM Na2CO3)

Figure 2. Wind rose diagrams for all sampling sites in the MMA.
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eluent solution was used as the solvent. For cations
(Na+, NH4

+, K+), the 300.7 method from the U.S.
EPA was followed, using a Dionex IonPac column
and suppressed conductivity detector with a pump
rate of 2.0 mL min–1 and sample loop of 50 µL. The
sample was eluted using 18 mM of methanesulfonic
acid at 1.0 mL min–1. Here, some of the missing ions
that could affect the ion balance are Li+, Ca2+, NO2

–,
Br3

–, PO4
3–, and organic acids and their salts. The

content of organic carbon (OC) and elemental carbon
(EC) was determined by thermo-optical transmittance
(Sunset thermo-optical carbon analyzer) following the
5040 NIOSH method. The EC analysis was conducted
using temperature profiles of 550, 625, 700, 775, and
850°C in an oxidizing atmosphere (He:O2 90:10 v/v).
EC was oxidized from the filter into the oxidation oven,
converted into CO2, reduced to CH4, and detected by
flame ionization detection (FID) as CH4. To quantify
the OC and EC, a split point is defined as the point at
which the light transmittance of the sample returns to
the initial value. The carbon that evolved before or after
the split point was considered to be OC or EC, respec-
tively. A detailed description of this method can be
found elsewhere (Birch and Cary 1996; NIOSH 2003).

Preliminary source classification

Chemical components were classified as geological mate-
rial (GM), organic matter (OM), trace elements not
included in the geological material (TE), ammonium
nitrate (NH4NO3), ammonium sulfate [(NH4)2SO4],
mineral salts (or simply salts), and EC. NH4NO3 was
estimated as 1.3 times NO3

– and (NH4)2SO4 as 1.4 times
SO4

2 – (i.e., it was assumed that all NO3
– and SO4

2 – were
neutralized by the NH4

+). The GM was estimated as
1.9× Al + 2.1× Si + 1.4× Ca + 1.4× Fe (Vega et al. 2004);
the corresponding values for Si were estimated for each
sample, because it was not directly quantified by XRF as
described earlier. A characteristic crustal ratio was used to
estimate its contribution. The Si contributions were cal-
culated using Ca as a reference for the crustal ratios,
because it is one of the major constituents of the local
soils of the MMA (Mancilla, Araizaga, and Mendoza
2012):

Sið Þestimated ¼
Si
Ca

� �
crustal profile

� Cað Þmeasured (2)

The Si and Ca values from Chow et al. (2004) for the
paved road dust profile were used for the crustal ratio
profile. The TE was defined as the sum of all elements
from Na to Pb, except Al, Si, Ca, Fe, Cl, K, and S. Salts
were calculated as 1.7 × Cl– (assuming all Cl– was in the

form of sodium chloride [NaCl]). Finally, OM was esti-
mated as OC multiplied by a correction factor that
accounts for the presence of elements other than carbon
not accounted for in the analytical method followed to
obtain OC (e.g., oxygen, nitrogen, hydrogen, sulfur, etc.).
The ratio between OM and OC for urban environments
typically ranges from 1.4 to 1.8 (Ruthenburg et al. 2014);
other studies have suggested values of 1.2 (Vega et al.
2004), 1.6 (Turpin and Lim 2001), or even greater than
2.0 (El-Zanan et al. 2009). The current study recon-
structed the total PM2.5 and PM10 mass using the value
of 1.4 for the OM/OC ratio, as it does not overestimate the
reconstructed mass with respect to the PM2.5 and PMc

gravimetric mass.

Enrichment factors

The enrichment factor (EF) calculation is used to iden-
tify the contribution of anthropogenic and natural/
crustal sources to trace elements in the environment
(Ledoux et al. 2017; López et al. 2005; Reimann and
Caritat 2005). The EF of an element X in an aerosol
sample is defined by

EF ¼
X=R

� �
sample

X=R

� �
crustal

(3)

where R is the reference element. Hence, the EF compares
the ratio between the concentrations in the environment
and crustal material (dust). Si, Al, Ca, and Fe are the
elements most commonly used as a reference to calculate
EFs (Chatterjee et al. 2007; Lee and Hieu 2011; Loska,
Wiechula, and Korus 2004; Shelley, Morton, and Landing
2015; Trifuoggi et al. 2017; Yaroshevsky 2006). In this
study, Ca was used as the reference element, because it
is one of the main components found in crustal material;
as such, other studies have also used it as reference (Loska,
Wiechula, and Korus 2004). Values of EF < 1 indicate that
the element is depleted in the environment and that
crustal sources, such as dust resuspension, are predomi-
nant. In contrast, values of EF > 1 indicate that the
element is relatively enriched in the environment.
Generally, values of EF > 10 indicate that a large fraction
of the element can be attributed to anthropogenic or
noncrustal sources (Enamorado-Báez et al. 2015;
Shridhar et al. 2010; Wu et al. 2007).

Results and discussion

Ambient PM10 and PM2.5 concentrations

Average PM10 and PM2.5 concentrations during the
sampling campaigns are shown in Table 2. These
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concentrations were blank corrected; for PM2.5 and
PM10, the blank correction represented, on average,
20% and 5%, respectively. For PM10, the concentration
levels for each site were in the following order:
SE > NE > CE > SW. An analysis of variance
(ANOVA) was performed to find out differences
among sampling sites in relation to the average PM10

concentrations; this analysis was based on the estima-
tion of a p value at a significant level of α = 0.05. The
ANOVA showed that average PM10 concentrations for
the four sampling sites were significantly different
(p < 0.05). Commonly, the sites located in the west
reported the highest levels of atmospheric pollutants.
The trend of values obtained during this study can be
explained by the facts that the monitoring campaign
started in the SW after a period of several rainy days
and that the equipment was transported to the east as
the campaign progressed. This is line with the daily
averages reported during the campaign in terms of
relative humidity at 75% (west) and 69% (east) and
wind speeds of 3.0 m s–1 (west) and 2.5 m s–1 (east).
Thus, the overall campaign started with rather clean air
conditions; as time went by, pollutants started to accu-
mulate in the atmosphere, producing higher levels in
the subsequent sampling days. González-Santiago et al.
(2011) determined that PM10 levels in the MMA exhibit
both significant spatial variation and a negative correla-
tion with relative humidity, which could explain the
low PM10 levels exhibited at SW.

For PM2.5, the concentration levels for each site were
in the following order: SW > SE > NE > CE. An ANOVA
showed that in contrast to PM10, the average PM2.5

concentrations for the four sampling sites were not sig-
nificant different (p > 0.05). This result shows that fine
particle concentrations are more homogeneous than
PM10 concentrations in the MMA atmosphere.

PM time series

The time-series plots for PM2.5 and PM10 concentra-
tions are shown in Figure 3. For PM10, the highest
concentrations occurred at the SE site, with six samples
exceeding Mexico’s PM10 air quality standard for 24-hr
average samples. As Figure 3 shows, PMc (i.e., PM10 –
PM2.5) was the major fraction of PM10, with
a contribution that increased from west to east. PMc

accounted for 75% of PM10 at SW, 80% at CE, 85% at
NE, and 90% at SE. This trend suggests a higher con-
tribution from dust resuspension in the east than in the
west, and it could be explained by the relatively clean
conditions at the start of the sampling campaign asso-
ciated with a heavy rain event across the entire MMA.
In addition, all samples for PM2.5 were substantially
lower than Mexico’s PM2.5 air quality standard for 24-
hr average samples.

Unlike PMc, the general levels of PM2.5 seemed
unaffected by the rainy events prior to the sampling
campaign, suggesting a predominance of secondary

Table 2. Average ambient concentrations of PM10 and PM2.5.
PM10 (μg m-3) PM2.5 (μg m-3)

Site N Average Median Minimum Maximum N Avearage Median Minimum Maximum

SW 7 36 37 24 49 7 8.9 8.8 6.2 12
CE 7 38 37 25 53 7 7.7 8.2 4.7 10
NE 7 55 58 46 65 7 7.9 7.6 4.6 12
SE 7 87 90 63 106 7 8.2 8.1 4.4 12

Figure 3. Time series for airborne particle concentrations. Gaps in the time series indicate that samples were not taken on those
dates due to the movement and maintenance of the sampling equipment.
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aerosol formation related to the emissions of a local
refinery, mobile sources, power plants, and industrial
activities; this has been observed previously in the
MMA (Mancilla et al. 2015; Martinez et al. 2012).
Therefore, it can be inferred that PM2.5 concentrations
in the MMA are strongly influenced by secondary for-
mation processes and, to a lesser extent, primary
emissions.

Correlations and ratios (PM and chemical species)

To achieve a better understanding of the PMc and PM2.5

concentrations’ behavior, an analysis of their chemical
composition was conducted. The chemical characteriza-
tion of PMc and PM2.5 was subject to a regression ana-
lysis to determine whether some chemical species
originate from different or similar pollutant sources.
The overall correlations for PMc and PM2.5 are illu-
strated in Figures 4 and 5, respectively. In addition, the
individual correlations for each sampling site are shown

in Table 3. Calculated correlation coefficients (r2) were
classified into three correlation ranges: good (0.80
< r2 < 1.0), moderate (0.50 < r2 < 0.80), and weak
(r2 < 0.50) (Devore 2000). In addition, a p value for
each correlation was provided.

For PMc, the weak correlations between OC and EC
(not significant; p > 0.10) (Figure 4a) demonstrate that
there is no direct relationship due to the presence of
various emission sources contributing to ambient coarse
carbonaceous aerosol in the MMA. It is well known that
EC is derived from combustion processes and is emitted
mainly as fine particles, whereas OC is organic matter
that could have a primary (fine and coarse particles) or
secondary origin (mainly fine particles). A good correla-
tion between elemental K and K+ (significant; p < 0.001)
indicates a contribution from the same sources in each
site (Figure 4b). Most K+ is emitted from biomass burn-
ing (e.g., wood, grass) (Cheng et al. 2013; Chow et al.
2004; Pachon et al. 2013). S and SO4

2 – are well corre-
lated (significant; p < 0.001) at all sites (Figure 4c),

Figure 4. Overall correlations and comparisons between sampling sites for PMc: (a) OC vs. EC, (b) K vs. K+, (c) S vs. SO4
2–, (d) cations

vs. anions, (e) sum of 35 metals vs. PMc, and (f) Cl vs. Cl–. The average errors are OC (16 ± 3%), EC (22 ± 5%), K (19 ± 6%), K+

(14 ± 3%), S (20 ± 2%), SO4
2 – (24 ± 3%), cations (> 100%), anions (19 ± 4%), metals (20 ± 5%), and PM2.5 (8 ± 1%).
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suggesting that most of the S measured is in the form of
sulfate. The ratios of elemental sulfur (S) to sulfate-sulfur
(SS = [SO4

2–] × 32/96) were calculated and reported in
Table 4. A ratio value of unity indicates that most of the
S is in the form of sulfate (Shakya and Peltier 2015). The
values of the S/SS ratio ranged from 1.2 to 1.8, increasing
from east to west, which indicates that there is more
sulfur particulate that can be accounted for by inorganic
sulfate (White et al. 2005). In addition, this could indi-
cate either sampling/analytical bias or the presence of
additional sulfur-containing compounds, given that

correlation increases slightly from west to east
(Tolocka 2012). The weak correlation between cations
and anions (not significant; p > 0.10) (Figure 4d)

Figure 5. Overall correlations and comparisons between sampling sites for PM2.5: (a) OC vs. EC, (b) K vs. K+, (c) S vs. SO4
2–, (d) cations

vs. anions, (e) sum of 35 metals vs. PM2.5. The average errors are OC (9.5 ± 0.6%), EC (12 ± 2%), K (43 ± 14%), K+ (7.1 ± 0.6%),
S (11 ± 0.6%), SO4

2 – (7.1 ± 0.02%), cations (9.5 ± 1.2%), anions (7.4 ± 0.1%), metals (51 ± 12%), and PM2.5 (7.9 ± 1.2%).

Table 3. Individual correlations (R2) for each sampling site.
OC vs. EC K vs. K+ S vs. SO4

2– Cations vs. anions Sum 35 metals vs. PM2.5 Cl vs. Cl–

Site PM2.5 PMc PM2.5 PMc PM2.5 PMc PM2.5 PMc PM2.5 PMc PM2.5 PMc

SW 0.54 0.85 0.66 0.95 0.74 0.61 0.99 0.01 0.11 0.99 * 0.75
CE 0.29 0.64 0.42 0.79 0.85 0.95 0.99 0.52 0.92 0.66 * 0.87
NE 0.00 0.09 0.92 0.83 0.98 0.99 0.95 0.26 0.88 0.95 * 0.99
SE 0.00 0.22 0.74 0.73 0.91 0.99 0.98 0.00 0.52 0.95 * 0.97

Notes. In bold are those correlations that are statistically significant (p value < 0.05) at a confidence level of 95%.
*Correlation was not calculated because Cl and Cl– concentrations were below the detection limit.

Table 4. Average elemental sulfur (S) to sulfate-sulfur (SS) ratios
for each sampling site across the MMA.

S/SS

PM2.5 PMc

SW 0.66 1.78
CE 0.65 1.63
NE 0.75 1.37
SE 0.70 1.27

8 Y. MANCILLA ET AL.



indicates that there is no neutralization of the aerosol,
because the formation of ammonium nitrate might be
hindered by sulfate under an ammonia-deficient envir-
onment (Tao et al. 2014). The values indicate that anions
dominate the ambient air, which is consistent with the
dominance of the sulfates. A good correlation between
the trace elements and PMc (significant; p < 0.001) for all
sites (Figure 4e) suggests that these metals are predomi-
nantly in the PMc fraction. Finally, a good correlation
between Cl and Cl– (significant; p < 0.001) (Figure 3f)
can be associated with sea salts aged during transport
from near coastal areas (Yang et al. 2018); these areas are
located ~300 km away from theMMA. In addition, other
sources associated with Cl emissions include a local
refinery in the outskirts and several wastewater treat-
ment plants. This latter is a possible source due to
transport from the east and northeast (see Figure 2).
Anthropogenic emissions of molecular chlorine photo-
lyze, as well as the resulting Cl, rapidly abstract hydrogen
from hydrocarbons, producing HCl that reacts with
ammonia to produce ammonium chloride or ammo-
nium nitrate, which can accumulate in particles (Platt
1995; Rossi 2003).

For PM2.5, weak correlations between EC and OC (not
significant; p > 0.10) suggest that they have a different
origin (Figure 5a). In the fine fraction, the secondary
organic carbon contribution to the total OC tends to be
higher. For K+, the results indicate common sources (sig-
nificant; p < 0.001), such as waste incinerators and bio-
mass burning (Cheng et al. 2013) (Figure 5b); typically,
combustion processes release fine particles into the air.

This confirms the ~0.5% contribution of biomass burning
to PM2.5 observed in the MMA, as estimated by Mancilla
et al. (2016) in previous years. Consistent with PMc, the
S measured exhibited the same behavior (significant;
p < 0.001), indicating that it is mainly in the form of
SO4

2 – (Figure 5c). Here, the S/SS ratios were similar
among sampling sites (~0.7), indicating that sulfur is in
the form of sulfate (Shakya and Peltier 2015). A good
correlation between cations and anions (significant;
p < 0.001) indicates that these components are neutralized
in the MMA’s PM2.5 (Figure 5d); this agrees with the
results reported by Wang et al. (2013) and Tao et al.
(2014). Finally, a weak correlation between trace elements
and PM2.5 (significant; p < 0.001) (Figure 5e) in the SW
site indicates that a major fraction of these metals is not
emitted in the fine fraction, unlike in PMc. These elements
are tracers for dust resuspension (geological material) that
has a particle size in the coarse fraction. The correlation
between Cl and Cl– was not calculated for PM2.5 because
their collected mass in this fraction was below the detec-
tion limit and could not be quantified.

Source classification

The average contributions calculated at each sampling
site are shown in Figure 6 for PMc and Figure 7 for
PM2.5. On one hand, the results indicate that the
average composition of PMc is dominated by GM,
with a contribution of ~45%. OM is the second largest
component, followed by sulfates. Compared to GM,
sulfate and OM exhibited higher spatial variability,
that is, a higher contribution in the west (sulfates:

Figure 6. Relative contribution (%wt) of the chemical species in the PMc samples at each site.
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~16%; OM: ~17%) than in the east (sulfates: ~5%;
OM: ~10%). Here, it is important to observe that
unidentified species contribute an average 24% to the
composition; this contribution can be comprised of
Na, Mg, and missing ions that could not be quantified.
On the other hand, the results indicate that the aver-
age composition of PM2.5 is dominated by sulfates,
with a higher contribution in the west (~57%) than
in the east (~46%). Sulfate is an indicator of the
secondary formation of pollutants because of SO2 oxi-
dation in the atmosphere. In addition, the high con-
tribution of sulfates can be associated with the
hygroscopicity behavior of the ammonium sulfate,
which increases the particle size at high relative
humidity (>70%) (Pilinis and Seinfeld 1987).
The second largest component was OM, followed by
GM. There was no spatial difference for the OM con-
tribution (~28%), whereas the GM contribution was
higher in the east (~13%) than in the west (~8%). The
GM contributions were higher in the east, which was
probably related to the warmer and dryer conditions
that promote dust resuspension; this is consistent with
the fact that the final sampling of the campaign was
conducted at the east stations, days after the rainy
events that occurred prior to the beginning of the
sampling campaign. Another important component
is EC, which is significantly emitted in the fine frac-
tion; EC is an indicator of the contribution of com-
bustion or burning processes to the observed ambient
air concentrations. Finally, it is important to note that
all chemical species were blank corrected; for PM2.5,

the most corrected elements were K, Ca, Na, Cr, and
Zr, at around 70–90%, while for PMc, Ca and Na were
the major elements corrected, at 20–30%.

A comparison with other studies conducted in the
MMA for different seasons and periods is shown in
Table 5. The sulfate content in PM2.5 was more than
twice that obtained for PMc, because the samples in this
study were collected during the summer period; during
this period, the PM2.5 is dominated by acid particles
and high secondary aerosol formation (Lee, Wang, and
Rusell 2010). The difference for GM may be related to
the humidity during the sampling period, which pro-
moted the dust resuspension; there was more humidity
during the beginning of the campaign for the SW and
CE sites, which exhibited lower contributions of GM,
than the humidity recorded at the NE and SE sites. For
the coarse particles, GM increased 7%, OM decreased
27%, and sulfates increased twofold compared to the
contributions reported by Blanco-Jiménez et al. (2015).
The lower contribution of nitrates than reported in
previous studies can be attributed to the higher volati-
lization of nitrates during the summer compared to the
winter.

OC and EC concentrations

Average OC and EC concentrations and OC/EC ratios
in PMc and PM2.5 over the entirety of the sampling
campaign are summarized in Table 6. Uncertainties
(measurement errors) presented with the average ratios
were estimated following uncertainty propagation

Figure 7. Relative contribution (%wt) of the chemical species in the PM2.5 samples at each site.
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methods; fractional uncertainties were added in quad-
rature (Taylor 1997). The OC and EC concentrations in
the PMc fraction were higher than those in the PM2.5,
but in the latter, these species represented a major
fraction. OC/EC ratios exceeding 2 can be an indicator
of SOA formation (Cao et al. 2004). However, they can
also be an indicator of a contribution from other pri-
mary sources with a high OC/EC emission ratio
(Cabada et al. 2004). The OC/EC ratios for PMc were
higher in the east than in the west, whereas those for
PM2.5 were lower in the east than in the west. A one-
way ANOVA was used to determine whether there
were any significant differences between average OC/
EC ratios of the four sampling sites. For PM2.5, the
ANOVA showed that SW, CE, and NE were spatially
similar to one another and spatially different from SE
(p < 0.05). A noticeably high OC/EC ratio in the SE
suggests a relatively high contribution of SOA. In con-
trast to the PMc differences, significant spatial differ-
ences were not found across the sampling sites
(p > 0.05).

SOA formation

In this study, the EC-tracer method described in Cabada
et al. (2004) was used to estimate the SOA contribution.
More information on the method formulation can be
found elsewhere (Docherty et al. 2008; Turpin and
Huntzicker 1995). The approach of calculating the ortho-
gonal regression using the minimum 20% of the OC/EC
ratios was selected to estimate the primary OC/EC; the
intercept was discarded for both regressions because of

a low contribution from non-combustion sources (e.g.,
meat cooking operations, biogenic sources) and because
a negative intercept has no physical meaning. The pri-
mary OC/EC ratio for PMc was 3.91 ± 0.57, suggesting
that most of the primary emissions originate from non-
combustion sources, as the ratio is greater than 3 (Cabada
et al. 2004; Satsangi et al. 2012). Conversely, the primary
OC/EC ratio for PM2.5 was 1.0 ± 0.8, suggesting that
primary emissions originate from fossil fuel combustion
sources, as the OC/EC ratio is low (Cabada et al. 2004;
Satsangi et al. 2012).

As can be seen in Table 7, SOA contribution was
constant and very low for PMc; in contrast, for PM2.5, it
increased from east to west as a result of the chemical
processing of the fresh emissions, rich in SOA precur-
sors, which produced more SOA as the air masses aged
over the course of their movement toward the west.
A higher contribution of SOA to the total organic
aerosol was probably due to atmospheric oxidation
during transport and the relatively small contribution
from local primary emission sources. For PMc, the
relatively low contribution of SOA is clearly associated
with noncombustion sources such as dust resuspension,
as discussed in the following. For PM2.5, the SOA con-
tribution to the organic aerosol was higher than 70%
for all sampling sites; these results are similar to those
estimated by Mancilla et al. (2015) in the MMA and are
consistent with those reported for other urban areas
(Hayes et al. 2013; Peng et al. 2016, Zhang et al. 2011).
A one-way ANOVA was used to test for spatial differ-
ences in SOA formation using the SOA concentrations.
Spatial differences for PMc and PM2.5 were found

Table 5. Comparison of PM2.5 and PMc contributions with those reported by other MMA studies.
PM2.5 PMc

Reference Martínez et al. (2012) Blanco and Mizohata (2015) This study Blanco and Mizohata (2015) This study

Component/Period November–December 2007 October–December 2014 June–July 2015 October–December 2014 June–July 2015

GM 11 26 6 42 45
TE 1 3 2 3 1
OM* 42 25 30 18 13
Salts 3 2 0 2 1
NH4NO3 13 11 1 8 3
(NH4)2SO4 23 23 54 5 11
EC 7 7 4 2 2
Other 0 2 3 20 24

Notes. *Martínez et al. (2012) used an OM/OC = 1.2; Blanco and Mizohata (2015) used an OM/OC = 1.5; and the present study used an OM/OC = 1.4.

Table 6. Average OC and EC concentrations and OC/EC ratios for PMc and PM2.5.

Station

PMc PM2.5

OC (μg m–3) EC (μg m–3) OC/EC OC (μg m–3) EC (μg m–3) OC/EC

SW 3.3 ± 0.6 0.77 ± 0.14 4.3 ± 1.1 2.1 ± 0.2 0.36 ± 0.04 5.8 ± 0.9
CE 3.2 ± 0.5 0.68 ± 0.13 4.7 ± 1.2 1.7 ± 0.2 0.35 ± 0.04 4.9 ± 0.9
NE 4.1 ± 0.6 0.61 ± 0.12 6.7 ± 1.7 1.8 ± 0.2 0.32 ± 0.04 5.6 ± 0.9
SE 5.3 ± 0.7 0.44 ± 0.12 12.0 ± 3.6 1.5 ± 0.2 0.42 ± 0.05 3.6 ± 0.5
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across the sampling sites (p < 0.05). For both cases, the
remarkable finding is that SW and SE were quite dif-
ferent. In order to estimate the SOA a value of 1.4 for
the OM/OC ratio was used.

Enrichment factors

The average EF values for PMc and PM2.5 are shown in
Figures 8 and 9, respectively. On one hand, it can be
observed that most of the trace elements enrich from
east to west. This trend suggests that those elements are
continuously emitted over the MMA and that they
accumulate because of the transport effect. As noted
in the preceding, the air masses during the campaign
moved from the northeast to the west, promoting the
transport of pollutants in that direction. On the other
hand, some elements—that is, Ti, Cl, K, Rb, Cd, Y, and
Fe—enrich in the opposite direction, suggesting that
those elements are emitted by a point source located
in the east, for example, the cement and steel compa-
nies, two of the major industries in the MMA.

For PMc, it was seen that Ni, Rb, Y, In, Hg, Sb, and
Ga exhibited EFs < 1, suggesting that these are

depleted while air masses move through the urban
area and are crustal in origin. The high EF values for
S, Cl, Zr, La, As, Cr, K, Sr, Ba, and Cu indicate that
these elements originate mainly from anthropogenic
sources. It should be noted that EF values for S, Cl,
and K are consistent with the high correlations dis-
cussed previously. The EF values for K and Cl support
the hypothesis that they originate from biomass burn-
ing in the former case and industrial activities in the
latter and that their sources are located mainly in the
east. For S, the EF values suggest a contribution by
inorganic sulfate. The EF of S increases from east to
west because of S that may come from the refinery and
fresh emissions that occur in the west. Ba, which is
enriched to the west, has a stronger association with
unleaded fuel and diesel oil-powered vehicles (Monaci
et al. 2000). This is expected, given the abundance of
freight transport associated to industrial activity.
Arsenic is a toxic and carcinogenic element, and it is
released into the atmosphere from the smelting of
metals, combustion of fuels, and use of pesticides
(Sánchez-Rodas et al. 2007); the EF values increase
toward the west. Cu is associated with industry and

Table 7. Average SOA contributions for PMc and PM2.5 in the MMA.

Site
(SOA)PMc
(μg m–3) (SOA/OA)PMc SOA/PMc

(SOA)PM2.5
(μg m–3) (SOA/OA)PM2.5 SOA/PM2.5

SW 1.4 ± 1.6 0.2 ± 0.1 0.04 ± 0.03 2.5 ± 0.7 0.8 ± 0.2 0.3 ± 0.1
CE 1.2 ± 1.5 0.2 ± 0.1 0.03 ± 0.03 1.9 ± 0.6 0.8 ± 0.3 0.3 ± 0.1
NE 4.0 ± 1.4 0.5 ± 0.2 0.04 ± 0.03 2.1 ± 0.6 0.8 ± 0.3 0.3 ± 0.1
SE 5.3 ± 1.2 0.6 ± 0.2 0.04 ± 0.01 1.5 ± 0.7 0.7 ± 0.3 0.2 ± 0.1

Figure 8. Enrichment factor value for PMc using the concentration of the trace elements in the four sampling sites in the MMA,
taking Ca as reference element.
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road traffic; it increases from east to west. Based on
the low EF values for Pb, it can be assumed that the
dust in the MMA contains this element as a result of
the many decades of leaded gasoline use and the use of
Pb in other industries’ manufacturing and chemical
processes (Smichowski et al. 2008; Valdez Cerda
et al. 2011); however, its increase from east to west is
due to dust resuspension and transport phenomena.

For PM2.5, a major enrichment in transition metals
was found. The EF values for these elements increase
from east to west. These higher EF values are associated
with industrial areas (Schaumann et al. 2004). Higher
EF values were found for La, indicating the presence of
catalytic cracking processes, whereas V and Ni suggest
fossil fuel combustion sources such as vehicles, cooking
operations, petroleum coke, and power plants
(Kulkarni, Chellam, and Fraser 2006). Here, the crustal
elements are associated with the construction industry
(Wu et al. 2007), unlike for PMc, for which they are
associated with street dust resuspension. Hg combined
with Pb and K is a good indicator of waste incinerators,
whereas a combination with As is associated with coal
combustion (Kolker et al. 2013). This can be associated
with the open biomass burning and charcoal combus-
tion in the east of the MMA. In addition, the presence
of S is a good indicator of vehicular (particularly diesel)
and refinery emissions; Pb can also originate from
brake and tire wear (Morawska and Zhang 2002). The
high EF values for Br, Cu, and Mo for both PMc and

PM2.5 suggest an important contribution of traffic
emissions (Smichowski et al. 2008; Zereini et al. 2005).

Conclusion

This study provides evidence of the spatial behavior of
PM2.5 and PMc in the Monterrey Metropolitan area. It
illustrates some spatial differences among sampling sites for
PMc, showing an increment trend from east to west,
whereas it showed more homogeneous spatial concentra-
tions for PM2.5. In addition, this was consistent with the
enrichment of trace elements from east to west. PMc is the
major fraction of PM10, which comprises more than 75%.
The PM2.5 levels were typically associated with high con-
tributions of SO4

2–, OM, and EC, which are commonly
associated with anthropogenic sources, whereas the high
PMc levelswere relatedmainly to geologicalmaterial, which
is commonly associated with dust resuspension. Based on
the OC/EC values, the results indicate that SOA accounted
for 70% of the observed organic aerosol in PM2.5. Finally,
EFs indicate that most of the trace elements have a crustal
origin for PMc and an anthropogenic origin for PM2.5.
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