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Abstract: The city of Cuernavaca has experienced a significant deterioration in air quality in re-
cent years. Despite this situation, few studies in the region have constantly monitored this prob-
lem. The objective of this study was to determine the concentrations of heavy metals in PM, 5 in
three representative sites of the city and estimate the risks posed to human health and the environ-
ment. The results revealed concentrations in the following order of abundance: Fe > Al > Mg > Zn
> As > Ni >V >Pb > Mn. The EF indicated that As comes mainly from anthropogenic emissions;
Zn, V, Pb, and Ni come from natural and anthropogenic sources; and Mn, Fe and Al have a natural
origin derived from the soil. The Igeo, As, Pb and Zn were greater than five, followed by V and Ni,
whose values ranged between two and three. The ecological RI was far greater than 600 in all cases.
The HQ revealed that all values were below one, indicating that the health risk posed by exposure to
ambient air is below that established by the USEPA. The Ni ILCR values for adults were 1.03 x 1072,
followed by 2.9 x 1076 and 1.6 x 1077 for Pb and As, respectively. For children, the values were in
the following order: Pb (1.2 x 107%), Ni (4.8 x 107%) and As (7.5 x 107%). These findings suggest
that Cuernavaca’s air has moderate to heavy contamination levels, which must be taken into account
by environmental authorities so that measurements can be taken to help reverse this situation.

Keywords: heavy metals; ecological risk; health risk assessment; Monte Carlo simulation

1. Introduction

One of the biggest public health problems worldwide is air pollution, which is caused
by various natural and/or anthropogenic activities [1,2]. Although mitigation and/or
control programs for this problem have been implemented in many places, it is still common
for acute contamination events that exceed the international standards considered safe for
human health to occur [3-5]. Statistical data from the World Health Organization indicate
that around seven million people die annually in the world due to poor air quality, and
that 9 out of 10 people breathe air containing high levels of pollutants [6]. These figures are
continuing to increase worldwide, given that pollution does not decrease [7].

Heavy metals are characterized by their toxicity, the fact that they do not biodegrade
and their bioaccumulation in living organisms [8]. For example, metals such as arsenic
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(As), nickel (Ni), chromium (Cr), and cobalt (Co) are potentially mutagenic, carcinogenic
and teratogenic. Meanwhile, vanadium (V), manganese (Mn), cadmium (Cd), copper (Cu),
lead (Pb), and zinc (Zn) are associated with some noncarcinogenic toxic effects, such as
cardiovascular, respiratory, kidney and liver diseases, and alterations in the central nervous
and endocrine systems [9].

Although many studies carried out have reported the impact that metals have on
human health, there is still much uncertainty about the mechanisms of action of these
contaminants; it is not clear whether their health implications are a result of their synergistic
or individual effects.

Specifically, heavy metals such as Cr, Cd, As, Pb, and Ni are highly toxic even at
low concentration levels [10]. Various toxicological studies have shown that long periods
of exposure to heavy metals in PM; 5 could cause respiratory and lung inflammation,
cardiovascular and heart disease, and cancer [11,12]. The heavy metals present in PM; 5
can be transferred to the human body either orally, via inhalation or through the dermis,
reaching the blood and then the internal organs [13,14].

Various studies carried out in Mexico have focused on the physical-chemical charac-
terization of atmospheric particles, spatiotemporal variation and the possible sources of
heavy metals, with few studies evaluating the risks to health and the environment [15-19].

The objectives of this study were as follows: (i) to determine the concentrations of
heavy metals in the PM; 5 in Cuernavaca, México; (ii) to determine the level of contamina-
tion and the ecological risk by calculating the geo-accumulation index and the potential
ecological risk index; (iii) to assess the potential (non)-carcinogenic health risk; and (iv) to
estimate the likelihood of carcinogenic and non-carcinogenic risk via the Monte Carlo
simulation method.

2. Materials and Methods
2.1. Study Area

The study was carried out in the City of Cuernavaca, located south of Mexico City,
and three sites with different characteristics were selected. Site 1 was located in the center
of the city, where there is a high level of vehicular and commercial activity; site 2 was a
wooded area located north of the city; and site 3 was representative of the main industrial
area of the city (Figure 1).
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Figure 1. Sites studied in the metropolitan area of Cuernavaca, Mexico.
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2.2. Sampling and Chemical Analysis

Sampling was carried out between May and June 2014, using low-volume equipment
(Mini-Vol, Airmetrics, Eugene, OR, USA) for periods of 24 h. Teflon filters were used to
collect particles (PALL® diameter 47 mm, 0.2 um pore size).

The extraction and analysis of the metals were carried out according to the method-
ology developed by Saldarriaga et al., 2021 [16]. Briefly, a mixture of HNO3-HCI was
used for the extraction in an ultrasound bath at a temperature of 60-70 °C. The analysis
was performed by atomic absorption spectrophotometry. The efficiency of the extraction
methodology was evaluated by using the NIST SRM 1648 reference material. The average
recovery ranged from 85.5 to 120%.

2.3. Enrichment Factor (EF)
To identify the origin of the heavy metals present in the PM, 5 particulate matter, the

enrichment factors (EF) and the geo-accumulation index (Igeo) were calculated by the
following expressions:

i

Y Jair

EFcrust, X = |:X (1)

Y } crust

The estimation of EF was based on the average abundances of the elements in the
geological material, as proposed by Taylor (1964), using Fe as a reference element [15].

Here, “X” is the targeted element, and “X/Y” air and “X/Y” crust refer to the concen-
tration ratios of element “X” with respect to “Y” (reference element) in the air and crust,
respectively. If EF < 5 corresponds to a trace metal from the soil, a value of 5 < EF <100 is a
natural and anthropogenic mixture, and if EF > 100, it is considered to be of anthropogenic
origin [20].

2.4. Geo-Accumulation Index (Igeo)
The Igeo, was calculated according to Equation (2) [21]:

Igeo = 10g2 Xsample (2)
1.5+ Y cryst

where Xsample corresponds to the concentration of the ith metal in PM; 5 and Yerust corre-
sponds to the earth’s crust. Table 1 shows a classification of the contamination levels.

Table 1. Classification of the geo-accumulation index (I geo). Adapted from Miiller 1969 [21].

Igeo Value Class Level of Contamination
<0 0 Unpolluted
Oto1l 1 Unpolluted to moderate polluted
1to2 2 Moderately polluted
2to3 3 Moderately to strongly polluted
3to4 4 Strongly polluted
4tob5 5 Strongly to extremely polluted
>5 6 Extremely polluted

2.5. Ecological Risk Index (RI)

The ecological risk index (RI) was established by Hakanson (1980) to evaluate the
potential ecological risk posed to aquatic environments [22].

RI = )" E (3)

1
i o sample
Ei=Tix———
crust
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where E! is the potential ecological risk coefficient of the ith metal and T! is the ith metal’s
toxic response factor [23,24].

If RI < 150, it is considered low risk; 150 to 300 is moderate; 300 to 600 is considerable;
and >600 is very high. The specific T! values for each metal are mentioned below: As (10),
Ni (5), Pb (5), V (2) [25].

2.6. Health Risk Assessment
2.6.1. Non-Cancer Risk

To estimate the potential hazard to human health, the risk assessment developed
based on the EPA guidelines considered two conditions. First, the exposed population
parameters were described by standard references (US EPA Exposure Handbook). The
second condition considered fine-particle inhalation as the main exposure pathway [26,27].

This study assessed the non-carcinogenic and carcinogenic risk by estimating the
Hazard Quotient (HQ) and Incremental Lung Cancer Risk (ILCR), respectively. Previously,
the Lifetime Average Daily Dose (LADD) was calculated. Those estimations were obtained
through the Monte Carlo Simulation method [28].

The LADD is commonly used to estimate the daily intake of a toxic material throughout
the entire life of an individual. It was calculated as follows:

C; xIR x ED

LADD = =0 AT

)
where C; is the metal concentration in ng/m?; IR is the daily inhalation, with values of
12 and 16 m3/day for children and adults, respectively; ED is the exposure duration, set at
11 and 45 years; BW is the body weight set at 25 and 80 kg for each age group; and AT is
the life expectancy in the Mexican Population, with a value of 75 years.

The HQ evaluates the potential for non-cancer hazards using the ratio of the chronic
exposure dose; in this case, this was the LADD and the Reference Concentration for
Inhalation Exposure (RfC) of each metal. The RfC is an estimate of the daily inhalation rate
that is likely to be without a significant risk of negative health effects over the lifetime.

The HQ expresses the probability of a population developing a non-cancer health
event throughout its lifetime. If the HQ obtained is less than 1 (HQ < 1), adverse health
effects associated with the exposure are not expected to occur; this is the opposite if the
HQ is greater than 1 (HQ > 1), and chronic exposure to the toxic element is associated with
negative effects on the health of the population.

LADD
H:
Q RFC;

(6)

2.6.2. Cancer Risk

The ILCR assesses the probability of cancer occurrence throughout an individuals’
lifetime and is calculated by multiplying the LADD by the inhalation cancer slope factor
(CSF). The CSF is expressed in units of reciprocal dose (mg/kg/day)~!, given that it
is obtained through a linear dose-response model with a zero-dose threshold based on
toxicological studies. The ILCR was estimated for children between 6 and 11 years old and
for adults aged 45 years old.

LADD

ILCR =
CSF;

(7)

2.7. Monte Carlo Simulation

The Monte Carlo Simulation (MCS) model is recommended by USEPA (1997) for
health risk assessment [28]. Due to the ambiguity involved in the use of predetermined
values such as the inhalation rate and other variables that represent a health risk, it is
suggested that the MCS model is used to estimate the probability of risk distribution [29].
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In the present study, the MCS was performed with 10,000 repetitions per site using
the metal concentration data to estimate the risk and examine its uncertainties. First, the
original metal concentration data were simulated by proposing a relative standard deviation
of 40% to calculate the standard deviation and generate normally distributed samples. Also,
to ensure the randomness quality, the algorithm applied used different seeds to generate the
simulated data [30]. Each simulated set of data was filtered through a modified “z” score
test to eliminate discordant data. The uncertainty in the risk calculation was determined

from the probabilistic results obtained and the contribution of each variable.

2.8. Statistical Analysis

The mean, standard deviation (SD), and over-standard rates were calculated using
MS Excel 2010 (Microsoft Corp, Redmond, WA, USA). To determine the best-fitting dis-
tribution for each parameter, Monte Carlo simulation was performed using Python and
R libraries. The health risk assessment was evaluated according to the USEPA Integrated
Risk Information Database (IRIS) [31] and the International Agency for Research on Cancer
(IARC) [32].

3. Results and Discussion
3.1. Metal Concentration

The concentrations of metals detected in this study presented the following order of
abundance (Fe > Al > Mg > Zn > As > Ni> V > Pb > Mn). The fact that these species present
the same behavior suggests that they come from common sources. It should be noted that
at site 3, the highest concentrations were found for all species; this site is located in the
main industrial zone of the state (Table 2).

Table 2. Concentration of metals (ng m~3) in PM, 5 in Cuernavaca, Morelos.

Site 1 Site 2 Site 3
N Mean Min Max SD Mean Min Max SD Mean Min Max SD
30 2551.3 339.8 6368.3 1391.3 829.6 114.3 2040.3 438.6 3293.7 588.7 7009.2 1323.5
30 151 6.9 483.7 135.4 46.2 3.8 133.6 33.8 134.4 5.35 438.13 124.6
30 3147 622.1 6052.1 11414 4315 218.8 13,661.4 3808 4908.6 764.6 11,178.7 2229.6
30 744.2 164.4 1433.4 268 507.2 98.9 964.9 181.3 932.4 188.9 1712.1 329.3
30 55.3 6.7 192.5 58.2 27.5 3.9 51.1 26.9 94.5 7.6 3329 101.6
30 94 9.1 328.1 99.8 49.3 3.1 174.11 53.5 111.2 12.1 386.8 1174
30 63.1 55 178.1 443 24.5 6.2 81.8 239 83.7 2.5 279.4 81.6
30 78.9 29.4 236.2 62.8 33.8 12.6 101.4 27 125.7 15.5 324.4 73.6
30 117.9 37.2 321.6 77 142.7 45.6 467.3 134.2 638.1 98.7 1439.6 283.9

N: number of samples; SD: standard deviation; min: minimum; max: maximum.

The main source of elements such as Ni, Zn and V is the combustion of fossil material,
while vehicle emissions contribute significant amounts of Pb, Fe, Zn, and Ni [33]. For its
part, it is known that metallurgical processes are the main source of Zn, Ni and As [34].
Regarding the last element, another important source is volcanic emissions [35], and in that
sense, it must be considered that a good part of this metal in Cuernavaca likely comes from
the Popocatepetl volcano (active), which is located approximately 60 km away. Meanwhile,
Fe, Mn, Zn, and Pb come from natural and anthropogenic sources [36,37] and, specifically,
Mn is associated with dust resuspension [34]; in this sense, it is important to mention that
this metropolitan area has been subject to a high rate of deforestation in the last two decades,
generating frequent events of dust resuspension. On the other hand, the city is crossed
by various road distributors that communicate with Mexico City and the states of Mexico,
Puebla, Guerrero, Tlaxcala and Veracruz, where cargo vehicles and passenger buses mainly
travel. In addition, it is impacted by an industrial zone called CIVAC, made up of more
than 150 factories.
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3.2. Comparison with Other Studies

A comparison of the metal concentrations observed in Cuernavaca was made with
those reported in other places (Table 3). In the case of Al, Fe, Mg and V, the concentrations
were higher than those reported in other studies, except for Ni, Pb and Zn, which were
lower. It should be noted that these types of comparisons must be interpreted with caution
due to the geological and meteorological characteristics, economic and urban development,
and industrial and vehicular activity of each of the places [38].

Table 3. Comparison of the concentration of heavy metals bound to PM; 5 reported in other places.

Site N Date Al Fe Mg Mn As Ni Pb v Zn Reference
Guadalajara, México 70 2009 nr 624.86 180.8 28.7 nr 492 93 12.97 181 Saldarriaga et al., 2009 [15]
Saltillo, México 13 2011 nr 1386.4 1208 19.7 nr 108.5 91.2 nr 298.9 Saldarriaga et al., 2021 [36]
Mexico City, México 63 2015-2019 158.7 246.7 51 74.3 nr 19.7 130.3 22.7 58 Hernéndez et al., 2021 [17]
Hangzhou, China 439 2015-2019 35.71 nr nr 35.9 18.97 9.73 25.95 nr nr Guo et al., 2022 [39]
Hanoi, Vietnam 73 2019-2020 179 271 nr 47 5.31 14 185 1.39 1835 Makkonen et al., 2023 [40]
This study 30 2013 2224.8 4123.5 727.9 59.1 110.5 84.8 57 79.5 299.6

nr: no reported; N: number of samples.

3.3. Enrichment Factor (EF) and Geo-Accumulation Index

The enrichment factor and geo-accumulation index were used together to identify the
possible sources of the metals detected in the present study.

Table 4 indicates that Mn, Fe and Al (EF < 5) came from natural sources, and mainly
from dust resuspension. Zn, V, Pb, and Ni presented an EF of 5 < EF < 100, and came
from natural and anthropogenic sources. Meanwhile, the only element that was above 100
(EF > 100) was As, suggesting that it came from anthropogenic sources, mainly vehicular
and industrial activity [41,42].

Table 4. Enrichment factor and geo-accumulation index for the metals identified in Cuernavaca.

Enrichment Factor (EF)
Site 1 Site 2 Site 3
Al 0.7 0.3 0.6
As 1815 495.1 827.4
Fe 2.2 6.6 2.2
Mg 0.6 0.7 0.5
Mn 1.3 0.4 1
Ni 26.6 5.9 15.2
Pb 46.3 10.3 31.2
\% 10.4 3.6 9.6
Zn 37 27.9 123.8
Geo-accumulation index (Igeo)
Site 1 Site 2 Site 3
As 10.3 8.9 10.5
Ni 4.1 34 4.7
Pb 6.1 5 6.9
\% 3.3 24 44
7Zn 4.7 5.2 7.5

Igeo indicates that the air of Cuernavaca is extremely contaminated (Class 6) by As,
Pb, and Zn (Igeo > 5), followed by V and Ni (Class 4, strongly contaminated) 3 < Igeo < 4
(Table 4). Together, the EF and Igeo, reveal that the air of Cuernavaca is strongly contami-
nated with As, Pb, and Zn.

3.4. Environmental Risk

The results indicate that As (RI > 600) is the element that represents the greatest
ecological risk in this city, followed by Pb and to a lesser extent Ni, V, and Zn; this merits
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serious attention, considering the potential impact of these metals on ecosystems and
human health (Table 5). Some studies have shown that metals such as As and Pb affect
the central nervous system [43] and the renal system [44]; it has also been found that the
kidneys are the internal organs that accumulate the most heavy metals [45].

Table 5. Ecological risk index (RI) calculated for the sites studied in Cuernavaca.

Site 1 Site 2 Site 3 Average
As 19,504 7132 21,962 16,199
Ni 130 81 195 135
Pb 524 243 879 549
Zn 39 57 268 121
Vv 31 16 62 36

3.5. Human Health Risk
Non Cancer Risk
The human health risk in the urban area of Cuernavaca was evaluated by considering

the concentrations of V, Mn, and Ni. Figure 2 illustrates the health risks posed to children
and adults, expressed in terms of the HQ.

Adults HQ Children HQ
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Figure 2. Simulation of the hazardous quotient (HQ) for adults and children. HQ_mean (simulated
probabilistic value); HQ_NP (calculated non-probabilistic value).

All HQ values were below 1 for the selected metals, suggesting that the health risk
posed by exposure to ambient air is below that established by the USEPA. However, it must
be considered that prolonged exposure can accumulate toxic substances linked to PM; 5.

The results indicate that children are at a greater risk than adults, and that this is due
to their daily activities, inhalation rate, body weight ratio, and immature physiological
systems, suggesting their greater vulnerability [46]. Likewise, people who have some type
of comorbidity should be considered [47].
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3.6. Carcinogenic Risk through the Inhalation Exposure Pathway
Incremental Lung Cancer Risk (ILCR)

Three metals were chosen to estimate the incremental lung cancer risk due to their
carcinogenic classification: As (carcinogen to humans), Ni (possible), and Pb (probable)
(IARC 2005). The whole estimations for cancer risk showed that adults are twice as
likely to develop lung cancer than children. The Ni ILCR value in Cuernavaca for adults
was 1.03 x 107>, followed by 2.9 x 107% and 1.6 x 10~7 for Pb and As, respectively.
Meanwhile, the ILCR values for the children were in the following order: Pb (1.2 x 10’6),
Ni (4.8 x 107%), and As (7.5 x 10~°) (Figure 3). The ILCR for adults exposed to Ni was
slightly higher than one case in one million (1 x 10~°), which is the EPA threshold value,
suggesting that this metal bound to PM; 5 poses a risk to the health of the adult population
studied here. The rest of the ILCR estimations suggest that there is no cancer risk posed to
the population groups in this study:.

As ILCR B Ni ILCR C Pb ILCR
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0.75 0.751
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Figure 3. Simulation of cancer risk for adults and children for (A) As, (B) Ni and (C) Pb.

However, it should not be ruled out that in the medium and long term, this situation
could become a serious public health problem if we consider that these metals are bound
to particle matter in many different compounds. This could lead to biotransformation in
target organs, generating species more toxic than their parents that also bioaccumulate,
leading to chronic toxicity. In addition, arsenic is a carcinogen with systemic effects on
human health [48].

4. Conclusions

The most abundant metal was Fe, followed by Al, Mg, Zn, As, Ni, V, and Mn, suggest-
ing a mixture of natural and anthropogenic sources. The EF indicates that Al, Fe, Mg, and
Mn come fundamentally from natural sources, while V, Ni, Zn, and Pb come from a mix of
natural and anthropogenic sources. Meanwhile, the environmental risk, determined by the
Ecological Risk Index (RI), indicates the high potential risk that As and Pb pose to natural
ecosystems, microorganisms, plants, animals, and humans. The human health risk revealed
that the noncarcinogenic risk posed by exposure to ambient air is below that established by
the USEPA. Additionally, the Incremental Lung Cancer Risk (ILCR) values were below the
limit established by the USEPA, except for Ni in adults. However, long-term exposure to
transition metals bound to PM; 5 may be related to negative effects on health.
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These findings suggest that Cuernavaca’s air has moderate to high contamination
levels, which must be taken into account by environmental authorities so that measures
can be taken to help reverse this situation and so that the population becomes aware of
the proper use of transportation, which would enable a significant reduction in vehicle
emissions and the clandestine burning of garbage and other types of organic matter.
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