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Abstract The study of airborne metals in urban areas
is relevant due to their toxic effects on human health
and organisms. In this study, we analyzed metals
including rare earth elements (REE) in particles
smaller than 2.5 μm (PM2.5), collected at five sites
around the Mexico City Metropolitan Area (MCMA),
during three periods in 2011: April (dry-warm sea-
son, DW), August (rainy season, R), and November
(dry-cold season, DC). Principal component analysis
allowed identifying factors related to geogenic
sources and factors related to anthropogenic sources.
The recognition of the high impact of geogenic
sources in PM2.5 is in agreement with the REE

distribution patterns, which show similar behavior
as those shown by igneous rocks, confirming the
influence of the regional geogenic material. Metals
associated to geogenic sources showed higher con-
centration (p < 0.05) at NE of the MCMA and a
significant correlation with prevalent winds.
Geogenic metals show similar seasonal distribution,
with the highest concentration during DW (p < 0.05),
suggesting a possible metal resuspension effect
which affects more significantly at lower relative
humidity (RH). The metals associated with anthropo-
genic sources are in agreement with the urban com-
plexity of the area, showing homogenous distribution
throughout MCMA (p > 0.05) and no similar season-
al pattern among them. These unexpected results
exposed outstanding information regarding the iden-
tification of different geogenic sources as the main
contributors of metals in the atmospheric environment
in the MCMA and highlighted the importance of mete-
orology in the spatial and seasonal metal patterns.
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Introduction

During the last decade, atmospheric contamination in
urban areas has attracted attention due to increased
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anthropogenic emissions. In order to evaluate the
degree of air quality degradation, chemical studies
on suspended particulate matter are of particular
relevance because by identifying their sources, these
studies can help to develop efficient strategies for air
quality control. Atmospheric particulate matter (PM)
is a mixture of solid particles and liquid droplets
with diameter less than 100 μm. The size and com-
position of PM depend on the sources and formation
processes (Finlayson-Pitts and Pitts 2000). This is an
important issue due to the effects on human health
risk, especially those particles with diameter less
than 2.5 μm (PM2.5) (Dockery and Pope 1994;
Pope et al. 1995; Pinkerton et al. 2000; Pope et al.
2002; Gauderman et al. 2004; Hu 2009; Feng et al.
2016; Ma et al. 2017; Zhou et al. 2017).

Many studies have focused on the determination of
elemental constituents, inorganic ions, and organic com-
ponents of PM2.5 (Querol et al. 2004; Moreno et al.
2006a, b; Ragosta et al. 2008; Kulshrestha et al. 2009;
Ravindra et al. 2008; Zhao et al. 2009; Amador-Muñoz
et al. 2011; Xu et al. 2012; Chen et al. 2014; Gao et al.
2016). Metals in PM2.5 vary over a wide range of
concentrations. Furthermore, reported inhomogeneity
in pollution levels in the same urban area has led to
the identification of punctual sources.

Geogenic and anthropogenic emissions can con-
tribute as sources of metals onto PM. Geogenic
sources may result from volcanic activity, erosion
of crustal minerals, sea salt aerosols, etc., while
anthropogenic sources include vehicular traffic, fos-
sil fuel burning, waste incineration, and industrial
metallurgical processes, among others.

Although anthropogenic activities are recognized
as the main contributors of PM into the urban air,
metals from geogenic sources have been less
highlighted. Multivariate analysis has been widely
used to determine specific sources based on metal
markers (Kulshrestha et al. 2009). In this context,
the rare earth elements (REEs) provide relevant in-
formation. REEs have similar configuration of va-
lence electrons and ionic ratios. As they have similar
chemical and physical behavior, REE can be used as
geochemical tracer to characterize igneous rocks and
to determine geogenic sources. In several urban
areas over the world, environmental enrichment of
REE has been related to the use of products enriched
with REE in different fields, including ceramics,
electronics, optoelectronics, superconductors,

pharmaceutical, and fertilizers. However, the genetic
information of REE contained in PM2.5 can also be
used to identify regional geogenic sources.

The Mexico City Metropolitan Area (MCMA) has
experienced a substantial uncontrolled development in
the suburban part of the city over the past 30 years. The
impact of the urbanization and industrialization growth
in the urban area of the MCMA has increased the metal
content in the environment, as in the case for soils
(Morton-Bermea et al. 2009a, b; Rodríguez-Salazar
et al. 2011), biological material (Guzmán-Morales
et al. 2011), and air (Rosas et al. 1995; Miranda et al.
2000; Chow et al. 2002; Querol et al. 2008). Regarding
atmospheric contamination in MCMA, Rosas et al.
(1995) reported lead on particles smaller than 10 μm
(PM10) during 1990–1991, originated by the use of
leaded gasoline (used in Mexico up to 1989). Miranda
et al. (2000) reported 15 elements in particles < 15 μm
(coarse fraction) and PM2.5 (fine fraction) collected
during summer of 1995 in the south of Mexico City.
Chow et al. (2002) described 36 metals, ions, and
carbon collected in PM2.5 and PM10 around Mexico
City during winter 1992. Miranda et al. (2000; 2005)
and Chow et al. (2002) associated the metals in the air
with the emission from natural (suspended dust) and
anthropogenic sources (vehicular traffic and industrial
sources). Moreover, Querol et al. (2008) published
chemical speciation of PM10, PM2.5, and PM1, collected
during March 2006 at different sites in the MCMA, as
part of the MILAGRO (Megacity Initiative: Local and
Global Research Observations) campaign. They associ-
ated the high metal levels with resuspension of mineral
dust, as well as with industrial emissions, local traffic,
and oil combustion.

Since 1986, the local government authorities of
Mexico City, through the Dirección de Monitoreo
Atmosférico (SEDEMA), has established a network
of air quality monitoring stations, including PM2.5

among other parameters. Nowadays, there are more
than 13 stations collecting TSP (total suspended par-
ticles), PM10, and PM2.5 around MCMA. Despite the
big effort done by the air quality monitoring program,
no extensive data on spatial and temporal variations
of PM2.5 elemental composition have been published.
The objective of this study was to investigate the
chemical components (Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Rb, Sr, Cd, Sb, Cs, Th, Pb, Tl, La, Ce, Sm, and
Eu) of PM2.5 to evaluate, in terms of meteorological
parameters, their temporal and spatial variation. The
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assessment of this data is a key point to identify
source apportionment and their contribution.

Experimental method

PM2.5 sampling

A PM2.5 sampling campaign was conducted in the
MCMA in 2011. Twenty-four-hour PM2.5 samples were
collected simultaneously every sixth day, at five repre-
sentative sites with different urban conditions in the
MCMA (Table 1 and Fig. 1): northwest (NW,
Tlalnepantla), northeast (NE, San Agustin), center (C
Merced), southwest (SW, Coyoacán), and southeast
(SE, Universidad AutónomaMetropolitana, Iztapalapa).

Sampling was performed during three seasons in
2011: April (dry-warm season, DW), August (rainy

Table 1 Sampling sites

Site in
MCMA

Site name Main
characteristics

Northwest,
NW

Tlalnepantla Industrial,
residential, and
commercial

Northeast, NE San Agustin Residential and
commercial
with few
industrial
settlement

Central, C Merced Commercial
and residential

Southwest, SW Coyoacan Residential

Southeast, SE Universidad Autonoma
Metropolitana-Iztapalapa

Residential
with small
factories

Fig. 1 Sampling sites in MCMA
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season, R), and November (dry-cold season, DC).
Thereby, 73 PM2.5 samples were collected.

The airborne particles were accumulated with a
high volume sampler (Tisch and Andersen General
Metal Works) with a flow rate of 1.13 m3 min−1 ±
10% on Teflon-coated glass fiber filters (20 cm ×
25 cm) pre-baked to 180 °C for at least 24 h. Blank
test background contamination was monitored by
using operational blanks (unexposed filter), which
were processed in parallel with field samples.

Analytical treatment

All samples and blank filters were kept in a desiccator
for 48 h. A fraction (about 1/20) was exactly weighted
and digested in Teflon vessels where 8 mL aqua regia
and 2 mL HF were added. The mixture was left to stand
overnight. Thereafter, the mixture was subjected to
microwave-assisted digestion procedure using an
ETHOS ONE (Millipore) microwave oven equipped
with a rotor system for 10 Teflon vessels (PRO-24).

Table 2 Analytical method efficiency. Recovery percentages of metals from NIST 1649a (n = 22)

NIST 1649a
Reference
concentration
(mg kg−1)

NIST 1649a
Experimental
concentration
(mg kg−1)

DL
(μg kg−1)

Recovery
rate
(%)

%
CV

V 345 254 0.17 73.8 3.7

Cr 211 203 0.26 96.6 5.6

Mn 237 272 0.95 115.0 6.7

Fe 29,800 27,624 2.7 92.7 5.9

Co 16.4 13.2 0.56 80.5 5.8

Ni 166 128 0.44 77.7 7.2

Cu 223 175 1.09 78.5 6.1

Rb 48 59 1.76 124.0 6.8

Cd 22 23 0.05 108.8 9.8

Sb 29.9 27 0.08 92.4 6.0

Cs 2.84 3.02 0.17 106.6 10.1

La 33 25 0.07 76.4 9.3

Ce 52 40 0.9 78.2 9.9

Sm 4.7 3.9 0.23 82.1 8.3

Eu 0.87 0.92 0.08 106.6 8.7

Pb 12,400 8928 1.2 72.0 2.9

Th 6.6 6.7 0.03 101.4 4.8

DL detection limit

Table 3 Seasonal comparison of PM2.5 and meteorological parameters. Significantly higher values are in italics (p < 0.05)

2011 DW R DC Trend (p < 0.05)

Mean Median SD Mean Median SD Mean Median SD

PM2.5

(μg m−3) 29.8 31.0 6.5 12.4 13.0 5.9 22.9 23.5 6.5 DW>DC >R

RH (%) 44.8 45.8 16.7 54.4 59.8 18.5 52.0 60.0 17.2 DC=R >DW

T (°C) 20.7 20.9 1.9 17.6 17.6 1.2 14.2 14.5 2.2 DW>R >DC

Wsp (m s−1) 1.8 1.7 0.3 2.5 2.40 0.4 2.1 1.7 0.6 R >DC =DW

SD standard deviation
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Fig. 2 a Wind roses for the
sampling sites in MCMA during
2011. bRepresentative HYSPLIT
back trajectories during the
sampling period in the study area
(Stein et al. 2015; Rolph et al.
2017)
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The digestion temperature ranged from room tempera-
ture to 190 °C in 25 min and maintained for 15 min.
After cooling, the solution was transferred to a Teflon
vessel and evaporated to dryness. To ensure full removal
of HF, 3 mL HCl was added to the digestate and evap-
orated twice. The final digested samples were taken to a
volume of 50 mL with 2% HNO3 (v/v).

Instrumental analysis

Metal concentration measurements (Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Rb, Sr, Cd, Sb, Cs, Th, Pb, Tl, La, Ce, Sm,
and Eu) were carried out using an ICP-MS (iCAP Q
Thermo) at the Instituto de Geofísica, Universidad
Nacional Autónoma de México. Prior to ICP-MS analy-
sis, a calibration curve was performed using a five-point
curve (0, 0.01, 0.1, 1, and 5 ng mL−1) with standard
solutions that were prepared by diluting a multi-element
standard solution (High Purity Standard) with 2% HNO3

(v/v). Instrumental drift was corrected using 115In as

internal standard, prepared from a certified stock solution
of 1000 mg L−1 (Merck). Urban dust reference material
1649a (National Institute for Standard and Technology)
was used to evaluate the method’s efficiency.

Statistical analysis

Statistica Software version 10.0 (Statsoft, Dell Inc.) was
used to calculate all statistical metrics. Median compar-
ison was made by Mann–Whitney U test. Correlation
analysis was carried out by Spearman R. Factor analysis
with PCA as an extraction method and varimax rotation
was used to identify the sources. Results from PCAwere
compared using either the Spearman or Pearson corre-
lation matrix showing coherent results.

Meteorological data

The weather in MCMA can be divided in three climatic
periods per year: warm-dry season (DW) from April to
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Table 4 Metal concentration (ng m−3) in PM2.5 (μg m
−3). Individual metal (M) mass contribution respect to metal total mass (MT) (M/MT)

Mean Median Min Max SD RSD (%) M/MT (%)
μg m−3

PM2.5 21.6 21.00 5.00 43.00 9.08 41.9 –

ng m−3

Ti 113.81 107.58 25.55 329.34 54.24 0.477 10.11

V 14.41 8.93 0.58 76.5 15.49 1.075 1.28

Cr 17.94 17.97 2.72 30.35 6.33 0.353 1.59

Mn 15.52 13.63 0.57 53.07 8.72 0.562 1.38

Fe 762.41 601.56 73.46 3351.43 520.82 0.683 67.72

Co 0.32 0.23 0.04 1.49 0.25 0.781 0.03

Ni 5.86 5.04 0.82 19.53 3.77 0.643 0.52

Cu 59.58 26.89 1.74 363.14 71.54 1.201 5.29

Rb 7.44 7.80 1.62 13.33 2.55 0.343 0.66

Sr 94.31 90.00 2.60 203.38 48.74 0.512 8.38

Cd 1.29 1.27 0.02 2.73 0.53 0.411 0.11

Sb 5.37 4.61 0.17 21.61 3.31 0.616 0.48

Cs 0.24 0.15 0.06 0.76 0.17 0.708 0.02

Th 0.24 0.12 0.02 1.54 0.31 1.292 0.02

Pb 24.7 20.78 1.12 69.01 13.38 0.542 2.19

Tl 0.10 0.10 0.00 0.25 0.04 0.400 0.01

La 0.63 0.44 0.06 3.18 0.55 0.873 0.06

Ce 1.33 1.06 0.18 6.55 1.04 0.782 0.12

Sm 0.16 0.11 0.02 0.78 0.14 0.875 0.01

Eu 0.24 0.21 0.01 0.59 0.13 0.542 0.02

SD standard deviation, Min minimum, Max maximum, RSD relative standard deviation



June, rainy season (R) from July to October, and cold-
dry season (DC) from November to February (Jáuregui
2000). Data of relative humidity (RH, %), temperature
(T, °C), wind speed (m s−1), wind direction (grades), and
PM2.5 mass concentration for the corresponding sam-
pling days were downloaded from the Automatic Mon-
itoring Network website (http://www.aire.cdmx.gob.
mx/default.php?opc='aKBhnmI='&opcion=Zw==).

Results and discussion

Quality control

The analytical procedure of simultaneous analysis of
metals contained in particulate matter was evaluated.
Detection limits were calculated as three times the
standard deviation of 10 replicates of the blank filter.

Blank test background contamination was monitored
using operational blanks (unexposed filter papers),
which were processed with field samples. All ana-
lyzed metals are above the detection limits. Accuracy
was evaluated by means of recovery rates of 22
aliquots of SRM NIST 1649a, loaded in Teflon-
coated glass fiber filters (the same filter employed
to collect PM2.5). Good agreement is observed be-
tween the data and reference concentration for all
metals. The average recoveries ranged between 72
and 124%. Results obtained from ICP-MS metal
analysis and recovery percentages as well as detec-
tion limits are reported in Table 2.

Good recoveries are due to combined effect of an
optimum digestion procedure and the optimal ICP-MS
instrumental conditions that lead to obtaining low de-
tection limits and low production of mass interferences.
It must be mentioned that Ti, Sr, and Tl are not included

Table 5 Comparison of metal concentration of our study with other cities, ng m−3

This work
(median, PM2.5)

Fuzhou, China
2007–2008
(mean, PM2.5)

1

Ulsan, Korea
Spring 2008
(average, PM2.5)

2

Ulsan, Korea
Sommer 2008
(average, PM2.5)

2

Barcelona
2001
(mean, PM2.5)

3

Hong Kong
2003
(average, PM2.5)

4

Ti 107.58 44.8 ± 31.3 26.3 12 ± 7.9

V 8.93 3.7 ± 2.1 9.5 15 ± 12

Cr 17.97 15.7 ± 9.3 8.1 11.6 2.9 1.2 ± 0.28

Mn 13.63 47.5 ± 30.3 10.2 21.5 9.6 19 ± 12

Fe 601.56 655.1 ± 437.7 302.6 357.9 200 ± 110

Co 0.23 1.1 ± 0.79

Ni 5.04 4.2 ± 3.1 20.0 5.2 6.4 ± 4.6

Cu 26.89 179.7 ± 132.9 44.9 42.1 31.7 33 ± 13

Rb 7.80 5.6 ± 5.9

Sr 90.00 1.9

Cd 1.27 3.8 5.6 0.6

Sb 4.61 4.3 6.8 ± 4.1

Cs 0.15

Th 0.12

Pb 20.78 39.6 ± 19.8 61.1 127 40.3 80 ± 78

Tl 0.10

La 0.44

Ce 1.06

Sm 0.11

Eu 0.21

1Xu et al. 2012
2Hieu and Lee 2010
3Moreno et al. 2006a, b
4 Cheng et al. 2010
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in as certified elements in NIST 1649a; the analytical
method showed good reproducibility, with a relative

standard deviation (RSD = 0.42–1.7%, n = 22). There-
fore, they were analyzed routinely in PM2.5 samples.

Fig. 3 Spatial and seasonal distribution pattern of metals in PM2.5. Middle square—median, box—25th and 75th percentiles, and bars—10
and 90 percentiles
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Fig. 3 (continued)
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Fig. 3 (continued)
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Recoveries in Table 2 are in the same range than those
reported elsewhere by other groups using different

digestion parameters (concentration and volume of
acids and oxidizing agents), as well as microwave oven

Fig. 3 (continued)
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settings (Karanasiou et al. 2005; Karthikeyan et al.
2006).

PM2.5 mass concentration and meteorological
conditions

Seasonal PM2.5 concentrations and meteorological
parameters are summarized in Table 3. During DW
season, the PM2.5 median was the highest
(31 μg m−3, p < 0.05), when RH was the lowest
(45.8%, p < 0.05). The associations between
concentration and chemical composition of PM2.5

with meteorological conditions are well known. For
instance, Kulshrestha et al. (2009) in a study of both
urban and rural environment of Agra, India, found
that PM10 and PM2.5 concentrations were determined by
temperature, relative humidity, and wind speed; this
explains the high concentration found during the
winter months. Zhao et al. (2009) point out that seasonal
variations of temperature and relative humidity can be
responsible for changes in concentrations of PM2.5

collected in Beijing. Nonetheless, they highlight the
importance of wind patterns in those changes.

Moreover, for Fuzhou, China, Xu et al. (2012) report
that higher PM2.5 concentrations are associated with low
temperatures, high relative humidity, and low wind
speed prevailing during winter. However, the effect of
cold season in the increase of PM2.5 mass concentration
was not observed in our study. The increase of PM2.5

concentration during DW seems to be influenced by low
RH, with no spatial variation of observed in the MCMA
(p > 0.05). The prevailing wind direction in the sam-
pling area during 2011 was from north to south as
shown in Fig. 2.Wind speed median values ranged from
1.7 to 2.4 m s−1, with maximum speeds around 6 m s−1.
PM2.5 was positively correlated with T (R = 0.31) and
inversely with RH (R = − 0.24) and Wsp (− 0.57)
(p < 0.05) (Table 8).

Metal concentration in PM2.5

Table 4 shows the metal concentration in PM2.5 as
well as annual median concentration of PM2.5 in the
MCMA during 2011. High variability was observed
among metals, rising up to four orders of magnitude.
The most abundant metals were Fe (67.7%), Ti

Table 6 Annual median comparison of metal concentration among sites (p < 0.05). Sites in italic form contain a higher metal concentration.
Equal sign means similar concentrations between sites

Comparison of median Ti V Cr Mn Fe Co Ni Cu Rb Sr Cd Sb Cs Th Pb Tl La Ce Sm Eu

NW Vs NE NE = = NE NE NE = NE NE = = NE NE NE = = NE NE NE =

NW Vs C = = = = = = = C = = = C = = = = = C C =

NW Vs SW SW = = = SW = = SW SW SW = SW SW SW = = SW SW SW SW

NW Vs SE = = = = = = = = = SE = SE = = = = = SE SE SE

NE Vs C NE = = NE NE NE = NE = = = = NE NE = = = = = =

NE Vs SW = = = NE NE NE = NE = = SW = = = = = = = = =

NE Vs SE NE = = NE NE NE = NE = = = = = = = = = = = =

C Vs SW SW = = = SW = = = = = = = SW SW = = = = = =

C Vs SE = = = = = = = C = = = = = = = = = = = =

SW Vs SE = = = = SW SW = SW = = = = = = = = = = = =

Table 7 Annual median comparison of metal concentration among seasons (p < 0.05). Season in italic form contain a higher metal
concentration. Equal sign means similar concentrations between seasons

Comparison of median Ti V Cr Mn Fe Co Ni Cu Rb Sr Cd Sb Cs Th Pb Tl La Ce Sm Eu

DW Vs R DW = = = DW = = = = = = = DW DW = DW DW DW DW =

DW Vs DC DW DC DW DW DW DW = = DW = = = DW DW = = DW DW DW =

R Vs DC R DC R R = R = = R R R = = = R = = R R R
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(10.1%), and Sr (8.4%), while the least abundant
were Th (0.01%) and Tl (0.01%). This suggests
geogenic emission as an important source to the
PM2.5 of MCMA.

Table 5 shows a comparison of metal concentration
in our study versus other urban areas. Most of the metals
in our study were in the concentration range reported in
other parts of the world (Moreno et al. 2006a, b; Cheng
et al. 2010; Hieu and Lee 2010; Xu et al. 2012). However,
Ti and Sr were the higher in our study, suggesting
that geogenic emissions in the MCMA are more impor-
tant sources than in the other cities.

Spatial and seasonal variation

Spatial, seasonal, and annual distribution patterns
of metals are depicted in box plots (Fig. 3). Spatial
and seasonal comparisons are described in Tables 6
and 7, respectively. Two metal groups with similar
behavior among them were observed: Ti, Mn, Fe,
Co, and Cu; and Rb, Sr, Cs, Th, La, Ce and Sm.
The highest concentrations for both groups were
observed at NE (p < 0.05) (Table 6). This two
elements groups are related to geogenic sources.
The recognition of geogenic sources as contributors
in PM has been reported for other urban areas
worldwide (Moreno et al. 2006a, b; Zhao et al.
2009; Hieu and Lee 2010; Xu et al. 2012). In
particular, for the MCMA, Miranda et al. (2000,
2005) had also identified soil-derived dusts as the
main contributor for metallic components in PM2.5,
regardless of the site where sampling was carried
out. Most of the detected elements show a similar
seasonal distribution (Fig. 3, Table 7), with the
highest concentration during DW (p < 0.05). This
pattern suggests a possible resuspension of metals by
the wind from the top soil, stimulated by dry conditions
where the lowest RH and the highest T values (p < 0.05)
were observed (Table 3). This behavior is opposite to
what has been observed during cool season in other
parts of the world (Kulshrestha et al. 2009; Zhao et al.
2009; Xu et al. 2012).

Europium presented a different pattern as com-
pared to the other metals, with the highest concen-
tration observed at south of MCMA and during
rainy season. V, Cr, Ni, Pb, Cd, and Tl are a group
of metals showing also a different pattern, with a
homogenous distribution throughout the studied area
(p > 0.05) (Fig. 3, Table 6), suggesting similar

sources around the MCMA or a regular transport
from the emitting sources. Sb was also homoge-
neously distributed, except at NW, where the lowest
concentration was found. Eu, V, Cr, Ni, Pb, Cd, Tl,
and Sb did not show the same seasonal pattern than
the other metals, neither among them.

Source recognition

The analysis of the information in Table 8, which shows
the Spearman correlation coefficients between the con-
centration of the metals and the PM2.5, allows us to
recognize at least two groups of elements with different
origin.

Principal component analysis (PCA) was used to
provide information for the identification of major metal
sources. PCA results are consistent regardless of the
nature of the database (raw or normalized). The number
of factors retained was selected based on the scree test,
which yielded six meaningful factors (Costello &
Osborne 2005). Factor loadings had eigenvalues higher
than 0.8. This number of factors provided the best
solution, with eigenvalues above 1 for factors 1 to 5
and 0.87 for factor 6.

A total explained variance of 84.14% was observed.
The main three factors explained 64.91% of the total
variance, while the rest only explained 19.24%.
Chromium, Cs, La, Ce, Sm, and Th were related with
factor 1 (36.36%); Ti, Fe, Mn, Co, and Cu with factor
2 (17.44%); and Rb, Sr, and Eu with factor 3
(11.11%). Factors 4 to 6 clustered Ni, V, Cd, Pb,
and Sb (Table 9).

Understanding results from similar works (Amato
et al. 2009; Chen et al. 2014; Moreno-Rodríguez et al.
2015), along with the clear evidence gained from previ-
ous works related to the identification of the main
sources of metals in MCMA (Morton-Bermea et al.
2009a, b; Guzmán-Morales et al. 2011), allows us to
attribute the metals contained in factors 1 to 3 to
geogenic sources.

The metals identified in factor 4 (Ni and V) are
typically attributed to sources associated with fossil
fuel combustion (Yuan et al. 2006; Dongarrà et al.
2010). On the other hand, previous works reported
evidence associating these metals with geogenic
sources of the studied area (Morton-Bermea et al.
2009a, b; Guzmán-Morales et al. 2011). Based on
these two issues, we classify elements grouped in
factor 4 as product of mixed sources.
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The metals contained in factors 5 and 6 are
interpreted as resulting from anthropogenic emissions,
possibly related to vehicular traffic and/or industrial
activities (Zhai et al. 2014; Zhang et al. 2013).

It is evident that metals associated with geogenic
sources explained the maximum variance and allowed
the differentiation of several geogenic sources as re-
sponsible for the enrichment of a large group of metals
present in PM2.5. Such enrichment may be interpreted as
a consequence of regional transport of geogenic materi-
al, influenced by the direction of the prevalent winds
coming from the north (Fig. 2), as well as to the contri-
bution of local geogenic material and/or resuspension of
soil dust/geogenic material. The high concentration of
geogenic metals at NE (Fig. 2, Table 6) confirms this
argument.

The recognition of the high impact of geogenic
sources in PM2.5 collected in MCMA is in agreement
with the information obtained by means of REE
assessment. Figure 4 shows the REE distribution
patterns considering all REEs (normalized to
chondrite, Evensen et al. 1978), in spite that only
La, Ce, Sm, and Eu were included in the validation
of the analytical procedure applied in this study. The
low concentration of REE limited the assessment of
REE pattern behavior in eight samples; all of them
were collected during DW, when PM2.5 is higher and
RH lower. The REE patterns in PM2.5 collected in
MCMA clearly show a similar behavior as those
shown by igneous rocks, confirming in this case,
the influence of the regional geogenic material.

The metals in factors 4–6 were associated with
different anthropogenic sources, not necessarily
common among them. Anthropogenic sources can
be associated to industrial activities and traffic emissions,
which show up the complexity of the urban air in the
MCMA.

Conclusion

We showed the importance of local geogenic material
and/or resuspension of soil dust/geogenic material as the
main source of metals associated to the PM2.5 in the
MCMA. Anthropogenic metal sources are minor
sources to the PM2.5 of MCMA. Geogenic metal con-
centrations identified in the factors 1, 2, and 3 were
found at NE of the MCMAwhich is in agreement with
the dominant wind direction from north to south duringT
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2011. The contribution of geogenic materials
transported by prevalent winds represents a significant
influence on the air quality in the MCMA. Although
previous studies in the MCMA had already signaled the
importance of geogenic sources in PM2.5, the use of

ICP-MS might allow identifying the emitting sources
in a more definite way, due to the detection of REE.
Dry-warm season was the period with the highest
geogenic metal concentrations. No significant differ-
ences in the spatial distribution of metals from anthro-
pogenic sources were observed, suggesting common
sources around MCMA.

Because the MCMA is a complex area with more
than 20million inhabitants exposed to this environment,
the information obtained from this study, related to the
impact of geogenic sources, the spatial and temporal
behavior of metals in PM2.5, and the influence of mete-
orological parameters must be confirmed with further
studies, in order to establish public policies aimed to
improve the air quality of the area.

Acknowledgements The authors gratefully acknowledge the
NOAA Air Resources Laboratory (ARL) for the provision of the
HYSPLIT transport and dispersion model and/or READYwebsite
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Table 9 Identification of major metal association using principal component analysis (PCA). Associated metals are presented in italics

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Ti 0.46 0.76 0.33 − 0.01 0.04 0.09

V − 0.11 0.05 − 0.12 0.93 − 0.02 0.00

Cr 0.64 0.25 0.27 0.02 0.42 − 0.01
Mn 0.22 0.91 0.11 0.05 0.22 0.04

Fe 0.38 0.84 0.17 0.11 0.00 0.05

Co 0.30 0.75 − 0.07 0.00 0.21 − 0.07
Ni 0.43 0.15 − 0.10 0.79 0.11 − 0.01
Cu − 0.05 0.87 0.04 0.10 − 0.15 0.06

Rb 0.25 0.31 0.76 − 0.14 0.10 0.20

Sr − 0.21 0.14 0.92 − 0.07 0.06 0.01

Cd 0.02 − 0.11 0.34 0.07 0.75 0.17

Sb − 0.05 0.09 − 0.01 − 0.01 0.13 0.94

Cs 0.80 0.16 0.05 − 0.03 − 0.20 0.18

La 0.94 0.19 − 0.01 0.07 0.02 − 0.05
Ce 0.93 0.25 0.03 0.02 0.06 − 0.03
Sm 0.95 0.16 0.03 0.00 0.08 − 0.08
Eu − 0.01 0.02 0.87 − 0.05 0.00 − 0.15

Tl − 0.43 0.10 0.38 0.46 0.42 − 0.06
Pb 0.08 0.47 − 0.13 0.02 0.71 0.13

Th 0.96 0.11 − 0.21 0.02 0.00 0.00

Eigenvalue 7.27 3.49 2.22 1.69 1.29 0.87

% Total—variance 36.36 17.44 11.11 8.43 6.46 4.35

Cumulative—% variance 36.36 53.80 64.91 73.33 79.79 84.14

Fig. 4 Distribution patterns of REEs normalized to chondrite
(Evensen et al. 1978) in PM2.5. Patterns were calculated for
samples collected during DW
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