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Abstract

Heavy metals in urban dust, derived from anthropogenic activities and natural sources,
are considered potentially toxic elements for human health. The city of Puebla, located
in Central Mexico, is one of the ten largest metropolitan cities in Mexico. Near this city
is the Popocatépetl volcano, which contributes heavy metals through the emission of ash.
The objectives of this study were to evaluate heavy metal contamination in urban dust
and volcanic ash from the city of Puebla, and to determine the associated human health
risks. Heavy metals were analyzed using an XRF spectrometer. The level of contamination
was established according to the contamination factor, the geoaccumulation index and the
contaminant load index. Furthermore, non-carcinogenic risk indices (HIs) were calculated
to evaluate the health risk. The results revealed the presence of 18 elements (Ca, Cr, Cu, Fe,
K, Mn, Nb, Ni, Pb, Rb, Sb, Sn, Sr, Ti, Y, V, Zn and Zr), with the highest concentrations found
for most in urban dust samples, while Rb, Ca and K showed higher concentrations in ash
samples. High levels of Sb and Sn contamination were found in 90 to 100% of the dust and
ash samples, while Cr, Cu, Ni, Pb and Zn showed considerable levels of contamination in
60 to 90% of the samples. According to the US EPA thresholds, the health risk assessment
indicated safe levels (HI < 0.25) for Cu, Fe, Mn, Ni, Pb, Sn, V and Zn in the urban dust and
volcanic ash samples, while some of the samples exceeded the safety threshold (HI > 1) for
Cr and Sb with respect to the child population in the city of Puebla. These results must be
taken into consideration by environmental and government authorities, and the degree of
pollution should be reduced accordingly.

Keywords: heavy metals; street dust; volcanic ash; environmental pollution; health risk;
city of Puebla

1. Introduction
Heavy metal (HM) pollution levels have increased in recent years [1]. Anthropogenic

activities are the main source of HM emissions [2], including industrial processes, vehicular
emissions and wear of automotive parts, among others [3–5]. On the other hand, although
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less recurrent, forest fires and volcanic eruptions have been identified as natural sources of
HM pollution [6–11].

HMs dispersed in the environment can adhere to soil particles, where they are de-
posited on the street surface in urban settings [12–14]. Particles smaller than <10 µm [15–17]
can enter the body through inhalation, ingestion and dermal contact [18,19] and, depend-
ing on the type of element, susceptibility and exposure time, can pose a threat to human
health [20,21].

HMs include non-essential elements that do not fulfill a metabolic function in humans,
such as arsenic (As), cadmium (Cd), mercury (Hg) and lead (Pb), which are toxic even at
low concentrations [20] due to their capacity to accumulate in different tissues and cause
damage [22]. For example, they can affect the internal organs [23], cause cardiovascular
and respiratory diseases [20], and induce DNA damage that promotes the development of
cancers [24]. Elements that have been commonly reported in street dust include As, Cd,
copper (Cu), Chromium (Cr), manganese (Mn), nickel (Ni), Pb and zinc (Zn) [14,25–30].

The study of HM pollution in cities entails particular considerations regarding the
potential natural sources (e.g., rocks, landforms, soil, volcanoes, winds, vegetation) [31] and
anthropogenic sources (e.g., time and type of construction materials for urban infrastructure,
type of companies and industries, type of fuels used) [32,33]. These factors, together with
the urban form and its diversity of activities, make each city a particular case, leading to
differences in the concentrations of elements between cities [27,29,34–36].

Studies focused on HMs in street dust have been documented in various parts of the
world [30,37–40]. In Mexico, such studies have been performed in various states, including
Torreón, Coahuila [41]; Hermosillo, Sonora [42]; the Monterrey Metropolitan Area [43];
Gómez Palacio, Durango [29]; Mérida, Yucatán [34]; and Mexico City [36]. The previously
mentioned studies suggested the need to conduct further research in different cities, which
would allow us to better understand the dynamics of HM in different cities, their pollution
levels, and the possible sources of these elements. This information is relevant for decision-
making and starting the search for potential solutions to the complex environmental and
health problems that the human population currently faces.

This study was carried out in the capital of the state of Puebla—the city of
Puebla—which is one of the most populated cities in Mexico, with 1,692,181 inhabitants [44].
Located in the center of the country, the city of Puebla has a high level of pollution derived
from industrial activities focused on automotive, food and textiles, in addition to having a
high density of urban traffic with approximately 578,200 vehicles.

The Popocatépetl volcano is located 50 km from the city of Puebla. It is part of the
Trans-Mexican Volcanic Belt and is a stratovolcano covering more than 500 km2, with a
crater 900 m wide and an altitude of 5452 meters above sea level; Strombolian and Vulcanian
activity have been reported in some events. After 70 years of calm, its activity resumed
in December 1994 and has remained constant to date, emitting incandescent material and
volcanic ash, which falls on the city of Puebla [45,46]. However, the level of HM pollution
and the possible human health risks in the city remain unknown. Based on the above, the
objective of this study is to determine the concentrations, pollution levels and human health
risks associated with heavy metals in volcanic ash and street dust from the city of Puebla.

2. Materials and Methods
2.1. Study Site

Puebla’s capital is geographically located at 19◦03′05′′ N and 98◦13′04′′ W, in the
central part of Mexico, with a population density of 64 inhabitants/km2 [44]. At an
altitude of 2140 meters above sea level, it has a temperate climate, with an average annual
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precipitation of 961 mm and an average annual temperature of 17.2 ◦C. The vegetation is
characterized as temperate forest, grasslands and induced shrublands [47].

2.2. Sampling of Dust in the Streets and Volcanic Ash of the City of Puebla

Dust samples were collected from 60 street locations with a systematic and homoge-
neous distribution (see Figure 1). In February 2023, 2 m2 sidewalk areas were selected,
manually removing stones, branches and leaves. Subsequently, the area was swept with
a brush, forming four piles of dust. Using a plastic dustpan, these piles were collected in
polyethylene bags previously labeled with the site number and geographic location data.
Volcanic ash was collected from 40 sites after it fell in May 2023. It was collected with
a brush, taking the top part of the ash accumulated on the ground while avoiding dust
already present on the ground.

Figure 1. Location of the urban dust and volcanic ash sampling sites.

2.3. Processing and Analysis of Heavy Metals

Samples of volcanic ash (40) and dust (60) were sieved using a mesh with a 53 µm
aperture to separate 3 g of sample, which was collected in a Teflon cup covered on the
bottom with a 3.6 µm thick Mylar (polyester) film. Elemental analysis was performed
using a Genius 7000 XRF portable spectrometer, with an estimated measurement time of
180 s per sample. The measurements of each sample were carried out in triplicate, for
a total of 300 measurements. A lateritic soil sample was used as a control with a set of
eight internationally certified geochemical reference materials for rocks and soils, with
identification code IGLs-1 [48].
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2.4. Mineralogy and Morphology of Street Dust Particles and Volcanic Ash

Representative samples of urban dust and volcanic ash were selected for X-ray
diffraction (XRD) analysis. According to [49], a Bruker D-8 Advance diffractometer with
monochromatic Cu Kα (λ = 1.5418 Å) radiation, a passage time of 0.5 s, and a size of
0.02 degrees, with analyses performed at 40 kV and 30 mA. For analysis, the powders were
placed on a silicon sample holder coated with appropriate vacuum grease for XRD.

The shape and size of dust and ash particles were determined for representative
samples via photomicrographs captured with a Philips ESEM XL30 scanning electron
microscope coupled to EDAX GENESIS with a SiLi detector, 10 L, 204Bt (SEM-EDS) [34,49].

2.5. Analysis of Pollution Levels

Three parameters were calculated to determine the contamination levels for the HMs
detected in samples: (1) the contamination factor (CF) [50], (2) the geoaccumulation index
(Igeo) [51] and (3) the pollution load index (PLI) [52]. The latter uses the average CF of the
eight highest elements (Equations (1)–(3)). Table S1 presents the interpretation of the Igeo,
CF and PLI results.

CF = Cn/Bn (1)

Igeo = Log2

(
Cn

1.5Bn

)
(2)

PLI = n
√

CF1 ∗ CF2 ∗ . . . .. ∗ CFn (3)

Here, Cn is the concentration of the nth metal in the sample analyzed and Bn is the
background value of the same metal (in this case, the Bn values correspond to global soil
background values) [53].

2.6. Assessment of Risks to Human Health from Exposure to Heavy Metals in Dust and
Volcanic Ash

To estimate the human health risks due to exposure to HMs in volcanic ash and dust,
following the methodology of the United States Environmental Protection Agency (US
EPA) [54], values were estimated for the following routes of exposure: ingestion (EDIing),
inhalation (EDIinh) and dermal contact (EDIder) (Equations (4)–(6)).

EDIing =
C × IngR × ED × CF

BW × AT
(4)

EDIinh =
C × InhR × ED × EF

PEF × BW × AT
(5)

EDIdermal =
C × SA × AF × ABS × EF × ED × CF

BW × AT
(6)

Following the US EPA methodology [54], the risk indices for each exposure route—namely,
ingestion, inhalation, and dermal contact (HQ ing/inh/derm, respectively)—were obtained by
dividing the EDI by the reference dose (RfD) for each metal, as shown in Equation (7).
The hazard index (HI) was obtained by summing all of the individual hazard quotients
(HQs) for each metal, as shown in Equation (8). If the HI is >1, there is an increased
probability of non-cancer health risks in the exposed population; meanwhile, if its value
is <1, the opposite would be expected [54]. For this study, exposure factors established
for the reference populations were used (Table S2) (references [55–59] are cited in the
Supplementary Material).

HQing/inh/derm =
EDIing/inh/derm

R f D
(7)
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HI = ∑ HQ (8)

For carcinogenic elements, the incremental lifetime cancer risk (ILCR) was determined
using the lifetime average daily dose (LADD) and slope factors for each exposure route
(CSF) (Table S3). In particular, it was calculated for Cr, Ni and Pb, as these were the
carcinogenic elements found to be present in the tested samples (Equations (9) and (10)).

LADD =
C

PEF × ATcan
×

(
CRchild × EFchild × EDchild

BWchild
+

CRadult × EFadult × EDadult
BWadult

)
(9)

ILCR = LADD × CDF (10)

The data obtained were statistically analyzed using the Origin 2023 package [60].
A nonparametric test was performed, as the data did not present a normal distribution
according to the Shapiro–Wilk test result. A Mann–Whitney U test was conducted to
compare the concentrations of HMs in urban dust and volcanic ash, and Spearman’s
evaluation analysis was performed to determine the relationships between the elements
detected in the urban dust samples and the volcanic ash [61].

3. Results and Discussion
3.1. Elements Concentration

Eighteen elements were detected in the tested street dust and volcanic ash samples:
calcium (Ca), Cr, Cu, iron (Fe), potassium (K), Mn, niobium (Nb), Ni, Pb, rubidium (Rb),
antimony (Sb), tin (Sn), strontium (Sr), titanium (Ti), yttrium (Y), vanadium (V), Zn, and
zirconium (Zr). The data did not present a Gaussian distribution, according to the Shapiro–
Wilk test result.

The concentrations of the elements detected in dust samples showed the following
pattern: Ca > Fe > K > Ti > Mn > Sr > Zn > Zr > Cr > Cu > V > Ni > Sb > Pb > Rb > Y > Sn
> Nb. Meanwhile, the volcanic ash samples showed the following pattern: Ca > Fe > K >
Ti > Mn > Sr > Zr > Zn > V > Cr > Ni > Rb > Y > Cu > Sn > Sb > Pb. Notably, Ca, Fe and
K were found at higher concentrations in both dust and ash samples, which can likely be
attributed to the fact that they are abundant in the Earth’s crust [62]. The concentrations of
Rb, Ca and K were significantly higher in the volcanic ash samples, which suggests that
volcanic activities disperse these elements; relevant studies support their presence, as well
as 12 of the other elements found in this study [6,63]. In contrast, the origin of Nb, Sb and
Sn was considered to be related to anthropogenic activities [64,65].

The elements Cr, Cu, Fe, Mn, Nb, Ni, Pb, Sb, Sn, Ti, Y, V, Zn and Zr were found
in higher concentrations in street dust samples compared to volcanic ash samples, with
significant differences, while the Sr concentration did not present statistically significant
differences between the dust and ash (Table 1).

The low concentrations of ash relative to dust could be due to the frequency of volcanic
activity at Popocatépetl. Although it has been constantly active for 30 years, not all ash
emission events affect the city of Puebla, being dependent on the intensity of the activity
and the direction of the wind. However, together with Mexico City, this city reports the
highest ash fall from the volcano [46].

The coefficients of variation (CVs) calculated for Cr, Cu, Pb, Sb and Zn showed high
variation in the detected concentrations, which can likely be attributed to the fact that
the samples that presented higher concentrations of these elements are related to various
anthropogenic activities in the city, such as high vehicular flow, wear of asphalt and brake
pads, and wear of paints on streets and main avenues [3].

As the volcanic ash could incorporate particles of anthropogenic origin, the concentra-
tion ratio between street dust and volcanic ash (D/A) was estimated; this method reflects
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the relative intensity of urban dust versus volcanic ash [36,66]. In particular, a D/A value
for a given HM greater than 1 indicates that the concentration of this metal in street dust
was greater than that in volcanic ash, indicating its dominant concentration in the street
dust; meanwhile, D/A < 1 indicates the origin of the element as volcanic ash. For most
cases for Cr, Cu, Fe, Ni, Pb, Sb, Sn, Ti, Zn and Zr, the D/A values were greater than 1, which
indicates that the concentrations of these elements were higher in street dust relative to
volcanic ash. In contrast, in most cases for Ca, K, Rb, Sr, V and Y, the D/A ratio was less
than 1, suggesting the possible origin of these elements as volcanic ash (see Figure 2).

Table 1. Descriptive statistics of metal element concentrations (mg/kg) in urban dust and volcanic
ash in Puebla.

Metal n Mean Median Min Max SD CV
(%) DL SDT BWS

Cr
dust 60 142 131 54 297 58 40

2 * 59.5ash 40 56 57 27 79 15 26

Cu
dust 60 110 49 17 2617 339 308

0.7 * 38.9ash 40 24 25 16 32 5 18

Mn
dust 60 813 813 476 1021 118 14

0.004 * 480.0ash 40 788 788 762 817 17 2

Nb
dust 60 5 6 1 12 2 44

0.7 * 12.0ash 40 nd nd nd nd nd nd

Ni
dust 60 91 89 41 146 27 29

0.5 * 29.0ash 40 44 43 30 57 9 21

Pb
dust 60 36 31 14 113 22 59

4 * 27.0ash 40 12 12 10 15 1 11

Rb
dust 60 36 35 21 53 7 18

2 * 68.0ash 40 42 41 31 55 6 15

Sb
dust 60 37 37 10 80 16 435

1 * 0.68ash 40 15 15 8 27 5 33

Sn
dust 60 25 25 7 75 10 38

1 * 2.5ash 40 19 21 7 33 7 38

Ti
dust 60 5331 5217 3890 7861 582 11

0.004 * 7038.0ash 40 38,701 3932 2359 5307 942 24

Y
dust 60 33 33 29 36 2 5

0.5 * 23.0ash 40 30 29 25 35 3 10

V
dust 60 105 104 11 189 39 37

5 * 129.0ash 40 79 76 10 132 32 40

Zn
dust 60 293 224 85 1654 231 79

1.5 * 70.0ash 40 137 120 68 230 53 39

Zr
dust 59 183 185 84 348 38 21

0.5 * 267.0ash 40 139 171 18 180 60 43

Sr
dust 60 462 469 360 560 50 11

1 NS 175.0ash 40 445 439 352 533 60 14

Ca
dust 60 59,356 58,423 40,068 88,084 8441 14

0.04 *ash 40 94,128 94,655 38,670 156,753 37,261 40

Fe
dust 60 37,800 37,743 25,760 52,132 5459 14

0.006 *ash 40 32,244 32,113 27,914 35,933 2826 9

K
dust 60 6148 6061 3976 8409 1069 17

0.05 *ash 40 7205 7412 738 9747 1813 25
nd—not detected; Min—minimum; Max—maximum; SD—standard deviation; CV—coefficient of variation;
DL—detection limit (ppm); SDT—statistical differences between samples; * = p < 0.05; NS—not significant;
BWS—world soil background.
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Figure 2. The dust/ash concentration ratios (D/A) of heavy metals.

The relationships between the concentrations of Cr, Cu, Fe, Ni, Pb, Sb, Sn and Zn in
dust and ash, as well as their variation in the samples, suggest that these elements have been
enriched by activities related to vehicular flow and the wear of the automobile parts (e.g.,
brakes, tires) and street asphalt [67]. Various studies have supported the anthropogenic
origin of Cr, Cu, Fe, Sb, Sn, Mn, Ni, Ti and Zn.

For example, brake wear produces particles containing Cu, Fe, Zn, Ti and Sb [3,68]; Sb
and Sn are present in the composition of brake pads [64,69]; tire wear releases Cu- and Zn-
containing particles [68]; vehicle chassis wear releases Cu, Mn Al, Ni and Zn [70]; and Nb is
found in vehicle exhaust pipes, which is released due to wear and high temperatures [65,71].

The average concentrations of V in dust samples (105 mg/kg) and volcanic ash
(79 mg/kg) both exceed the maximum limit allowed in urban soils (78 mg/kg), according
to the relevant Mexican standard [72]. This can be attributed to the fact that V is released
into the environment via volcanic emissions, as this element is part of volcanic rocks; in
addition, it is also emitted through the burning of fossil fuels (e.g., as automobile emissions).
Notably, exposure to V has consequences for human health, such as triggering respiratory
and cardiovascular diseases [73–75].

The HM concentrations in urban dust and volcanic ash obtained in this study were
compared with those reported elsewhere (Table 2), where Cr, Cu, Mn, Ni, Pb and Zn were
the most commonly evaluated elements, followed by Fe, V, Sb and Sn. In the case of Pb and
Zn from urban dust, the values are generally higher than the global background values [53],
followed by Cr, Cu and Sb, indicating widespread enrichment of these elements due to
anthropogenic activities [3]. Meanwhile, for Mn, Ni and Sn, few studies have reported
values higher than the global background values, while V did not exceed global soil values
in any of the included studies (Table 2). In volcanic ash samples, concentrations of Mn and
Zn were typically reported to be higher than the global background values, as was the case
in this study (Table 2).
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Table 2. Comparison of concentrations of ten metals in various cities around the world.

City Cr Cu Fe Mn Ni Pb Sb Sn V Zn Reference

mg/kg

Global background 59.5 38.9 – 480 29 27 0.68 2.5 129 70 [53]
Urban dust
Mexico, Mexico 51.4 99.7 5722.2 235.2 36.3 128.2 – – 26.8 280.7 [27]
Dakota del Norte, USA 23.6 17.4 20,896 783.5 24.8 14.7 – – 81.6 – [30]
Xi’an, China 154.2 62.1 – 546.2 32.2 151.6 – – 68.7 390.7 [37]
Toronto, Canada 145 121 – 784 36 63 4.1 11 41 419 [39]
Qom, Iran 80.2 130.0 30,768 706 40.0 367.6 6.4 – – 708.7 [40]
Anhui, China 126.9 71.3 9868 237 19.8 2.4 2.6 2.1 31.3 244.7 [56]
Ottawa, Canada 41.8 29.5 18,000 426.4 14.6 32.9 0.4 1.19 34.2 98.7 [76]
Palermo, Italy 175.2 570.4 28,000 256.2 26.8 664.4 – 31.0 19.8 390.2 [77]
Shiraz, Iran 67.2 136.3 20,254.6 438.5 77.5 115.7 4.8 – – 403.5 [78]
Hermosillo, Mexico 262 73 1735 528 18.7 16.6 3.1 3.5 86 12,842 [79]
Al-Karak, Jordan 51.7 57.4 – 259.4 10.0 52.7 – – 41.0 – [80]
Lublin, Poland 86.4 81.6 – – 16.1 44.1 – – – 241.1 [81]
Çanakkale, Turkey 21 28 12,901 475 21 18 – – – 58 [82]
Recife, Brazil 56.5 111.1 – 315.6 12.1 37.4 – – 29.4 154.4 [83]
Hanoi, Vietnam 3.9 18 271 47 5.31 185 – – 1.4 1835 [84]
Cuernavaca, Mexico – – 4123.5 59.1 84.8 57 – – 79.5 299.6 [85]

Puebla, Mexico 142.5 109.8 37,800.1 812.9 90.7 36.1 36.8 25.2 104.4 293.2 This
study

Volcanic ash
Puebla, Mexico 62 26.7 – 684.8 46.9 9.2 – – 79.8 73.4 [63]
Washington, USA 13 32 – 799 15 13 – – 101 92 [86]
Sicily, Italy – 106 – 14,200 2 – – 0.15 160 [87]
Sicily, Italy 0.67 77.4 – 1.9 5.12 13.2 1.0 – 1.1 413 [88]
Baishan, China 0.8 1.0 15,973.0 518.6 0.2 16.2 – 6.76 – 367 [89]
Cumbre Vieja, La Palma
Island, Spain 0.07 4.38 533 13.0 0.31 0.61 – – 1.77 2.02 [90]

Izykh Coalfield, Russia 129 103.0 – – 290 72.2 0.82 7.41 21.6 387 [91]
Tungurahua, Ecuador 14.5 20.0 10,000.0 120 24.9 10.9 – – – 34.1 [92]

Puebla, Mexico 56.3 24.1 32,244.6 788.5 43.8 12.1 14.9 19.5 79.0 137.1 This
study

To identify the relationships between elements, Spearman correlation analysis was
performed on the data obtained from the dust and ash samples. Street dust samples
showed positive and significant correlations in Ni, Cr, Cu, Fe, Mn, Pb and Ti, suggesting
that these metals derive from an anthropogenic source; this is in line with previous research
suggesting their relation to this type of origin [93]. Meanwhile, Y and Sr showed positive
correlations with ash, suggesting the same (natural) origin; on the other hand, Rb presented
a negative and significant correlation with Cr, Fe, Mn, Ni, Pb and Ti, from which follows
that it also has a natural origin (Figure 3).

The volcanic ash samples presented positive and significant correlations with Sr, Cu,
Fe, K, Mn, Rb and Ti. In contrast, negative and significant correlations were observed for
Ca with respect to Fe, Ti and Y; Zn with respect to Fe, Rb and Zr; and Cr with respect to
Cu (Figure 3), which supports the idea that the volcanic ash was enriched with particles
derived from anthropogenic activities; attributed to the city’s air pollution, which causes
the incorporation of airborne particles into the volcanic ash.
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Figure 3. Spearman correlation coefficients between elements in dust (a) and ash (b) samples. Upper
triangle indicates correlation values, the lower triangle indicates the level of correlation; * statistical
significance p ≤ 0.05.

3.2. X-Ray Diffraction and Morphology Analyses

The results indicated that muscovite, albite and stilbite calcium were the main minerals
present in the dust and volcanic ash, while mangani-obertiite occurred only in dust samples
(Figure 4). It should be noted that muscovite is a mineral for which the adsorption of HMs
such as Cu, Zn and Pb has been previously reported [94].

Figure 4. X-ray diffractograms of street dust and volcanic ash samples.

The Sb concentrations could be related to minerals such as Sb2O3 and Sb2S3, which
are used in the production of polyethylene terephthalate—a thermoplastic polymer used
in beverage and food containers, as well as textile fibers. They are also used as flame-
retardant agents in plastics, and Sb2S3 has been introduced into brake pads as a substitute
for asbestos [3].

The street dust and volcanic ash particles evaluated via scanning electron microscopy
showed laminar and spherical morphologies (Figure 5). Previous studies have concluded
that spherical particles come mainly from the combustion of gasoline, while lamellar forms
come from the wear of vehicle brakes [95,96]. This suggests that, when the ash is dispersed,
it combines with dust particles before deposition.

https://doi.org/10.3390/environments13030148
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Figure 5. Particles observed by SEM in dust (a) and ash (b) samples.

3.3. Pollution Levels
3.3.1. Contamination Factor

The average CF values showed higher levels in street dust samples than in volcanic
ash samples, except for Rb, Sr and Y, which showed similar averages in both samples.
In the street dust samples, Rb, Ti, V and Zr showed a low level of contamination in
100, 98, 73 and 98% of the samples evaluated, respectively; while Cr, Cu, Mn, Ni, Pb,
Sr and Y showed moderate contamination in 70, 65, 98, 47, 58, 90 and 100% of samples,
respectively; Ni and Zn showed a considerable level of contamination in 53 and 33% of
samples, respectively; and Sb, Sn and Zn showed a high level of contamination in 100, 92
and 58% of the samples evaluated, respectively. The high level of Sb contamination can be
attributed to the introduction of the mineral Sb2O3 into automobile brake pads [3], which
has increased its concentrations in the urban area of Puebla. The volcanic ash samples
showed low to moderate contamination levels for Cr, Cu, Mn, Ni, Pb, Rb, Sr, Ti, V, Y, Zn and
Zr. In contrast, Sb and Sn showed a high contamination level in 100 and 68% of samples,
respectively (see Figure 6); this supports the idea of these elements combining with ash
when it disperses in urban areas, as Sb and Sn are related to vehicular emissions in cities [3].

Figure 6. Heavy metal contamination factor values for urban dust and volcanic ash samples.
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3.3.2. Geoaccumulation Index

The Igeo values for HMs in street dust samples demonstrated that Cu, Nb, Pb, Rb,
Ti, V, Y and Zr were in the uncontaminated category for 70, 100, 80, 100, 100, 100, 87 and
100% of the samples, respectively; Cr and Mn showed contamination levels ranging from
uncontaminated to moderately contaminated in 53 and 82% of the samples, respectively;
Ni and Zn showed the highest percentages in the levels of uncontaminated to moderately
contaminated and moderate contamination, in 45 and 53% and 38 and 47% of the samples,
respectively; Sn showed moderate to solid contamination in 67% of the samples, while
23% of the samples showed solid contamination; and Sb showed a level of substantial
contamination in 33% of the samples, strong to extreme contamination in 52% of samples,
and extreme contamination in 7% of the samples (Figure 6). On the other hand, in the
volcanic ash samples, Cr, Cu, Pb, Rb, V, Ti and Zr were in the uncontaminated category in
100% of samples, while that for Y was 93%; Mn and Sr showed a level of uncontaminated
to moderate contamination in 100 and 90% of samples, respectively; Ni and Zn showed
levels of uncontaminated to moderate contamination and moderate contamination in 50
and 50% and 45 and 43% of samples, respectively; Sn showed moderate and moderate
to heavy contamination in 30 and 55% of samples, respectively; and, finally, Sb showed
moderate to heavy contamination in 58% and strong to extreme contamination in 40% of
the samples (Figure 7).

Figure 7. Geoaccumulation index values for heavy metals in urban dust and volcanic ash samples.

3.3.3. Spatial Analysis

The contaminant load index (PLI) was used to evaluate the degree of soil contami-
nation due to the accumulation of HM. For this study, considering those that presented
a considerable to high level of contamination according to the CF results, eight elements
were chosen.

The PLI values for dust samples ranged from 2.0 to 8.2, while those for ash samples
ranged from 1.5 to 2.3, indicating contamination with the elements evaluated and revealing
a higher degree of contamination in street dust compared to volcanic ash (Figure 8).

The highest values in dust samples were detected in the northern area of urban Puebla.
This can be attributed to the fact that the points that were sampled are located near a
highway with high vehicular flow. In particular, when considering the fact that Sb was the
element that predominated in the PLI, it is relevant that Puebla is a city characterized by
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high vehicular flows, and this element is associated with brake wear [3,64,67]. Furthermore,
one sample presented a high concentration of Cu, which may be related to its proximity to
an industrial zone and two main highways (Figure 8).

Figure 8. Pollution factor and PLI in urban dust (left) and volcanic ash (right) samples in the urban
area of Puebla.

On the other hand, the PLI values for the volcanic ash samples showed lower values
than those detected in dust (Figure 8), with Sn being the predominant element in most
of the samples; however, at some sampled locations, Sb predominated. This may be due
to the ash combining with urban dust particles at the time that it fell, as these elements
showed the highest contamination levels in the CF and Igeo results.

3.4. Risk to Human Health

Regarding human health risks (Figure 9), a non-carcinogenic hazard index (HI) > 1
(red dotted line) was obtained in street dust samples for Cr and Sb with respect to exposure
in children. In contrast, Cu, Fe, Mn, Ni, Pb, Sn, V and Zn showed HI values less than 0.25 in
most of the dust and ash samples (Figure 9a). For adults, the hazard indices for Cr, Cu, Fe,
Mn, Ni, Pb, Sb, Sn, V and Zn in dust and ash samples were all less than 0.1 (green dotted
line), except for some dust samples presenting values for Cr and Sb that were close to 0.20
and 0.30, respectively (Figure 9b).
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Figure 9. Non-carcinogenic hazard index (HI) for children (a) and adults (b) regarding urban dust
and volcanic ash.

These results demonstrate that the Cr and Sb levels in urban street dust samples pose
a health risk to the child population; in particular, exposure to Cr and Sb can cause damage
to the cardiovascular and respiratory systems, and may even trigger the development of
some cancers [20].

Even though the HIs for children with respect to Mn and Pb in dust samples were
generally within the safe limit (<1), caution is still necessary as some of the samples
presented high concentrations of these HMs; in particular, prolonged exposure to these
HMs can negatively affect human health, potentially triggering neurological, motor and
respiratory conditions [22,29,97,98].

Compared to other cities (Table 3), few studies have reported V, Fe and Sb concentra-
tions in urban dust and volcanic ash. In this study, Sb exceeded the limit recommended by
the US EPA; in comparison, the city of Düzce, Turkey, came closest to this limit.

Like Puebla, the city of Düzce, Turkey [98] is surrounded by mountains, both of which
have tectonic and volcanic origins; this may explain the higher concentrations of Sb in the
urban dust of these cities.

On the other hand, Cr, Mn and Pb exceeded the recommended limit (HI > 1) in
the cities of Tianshui, Gómez Palacios and Madrid, respectively, with children being the
most vulnerable population. Meanwhile, Cu, Fe, Ni, V and Zn have not been reported at
concentrations that represent any risk to human health. Regarding the volcanic ash samples,
they do not represent a potential risk; however, Cr, Cu, Mn, Sb and V concentrations are
close to the risk threshold for the child population in the cities of Puebla and Baishan.

The RI values obtained for Ni and Pb in city dust and volcanic ash samples were
similar, with values of 8.79 × 10−8 and 2.10 ± 10−9, respectively. These values are exceeded
by established tolerable risk values and, so, the risk of the population developing cancer due
to exposure to these HMs is very low [99]. However, Cr presented a value of 6.89 × 10−6,
which represents an elevated risk of contracting some type of cancer in 1 per 10,000 persons
due to exposure.
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It is urgent to accurately identify the sources of HMs found in high concentrations in
street dust, with particular attention to antimony and chromium, considering their high
HI values.

More research on urban dust and volcano ash is necessary; in particular, detailed
analyses (e.g., involving physical, chemical and mineralogical characterization) of particles
of different sizes are essential, mainly respirable particles. It would also be useful to inves-
tigate the toxicity of nanoparticles, either in human tissue culture or animal models [100].

Table 3. Comparison of hazard index (HI) values for nine metallic elements in children and adults in
different parts of the world.

City Cr Cu Fe Mn Ni Pb Sb V Zn Reference

Urban dust

Gómez Palacios,
Mexico

Child – 1.4 × 10−2 6.8 × 10−2 1.3 1.8 × 10−2 2.1 × 10−1 – – 4.7 × 10−2
[29]

Adult – 1.5 × 10−3 1.5 × 10−2 1.7 × 10−1 1.9 × 10−3 2.3 × 10−2 – – 5.1 × 10−3

Düzce,
Turkey

Child 7.9 × 10−2 1.6 × 10−2 4.0 × 10−2 4.1 × 10−2 1.0 × 10−2 1.1 × 10−1 5.2 × 10−1 5.0 × 10−3 7.4 × 10−3
[98]

Adult 2.3 × 10−2 2.0 × 10−3 2.0 × 10−2 1.1 × 10−2 1.2 × 10−3 1.5 × 10−2 1.5 × 10−1 2.5 × 10−2 9.4 × 10−4

Dhaka,
Bangladesh

Child 9.7 × 10−1 1.1 × 10−2 – 8.6 × 10−2 1.7 × 10−2 5.4 × 10−2 – – 7.6 × 10−3
[101]

Adult 2.9 × 10−1 1.5 × 10−3 – 2.2 × 10−2 2.4 × 10−3 8.6 × 10−3 – – 1.1 × 10−3

Delhi,
India

Child – 3.7 × 10−4 4.0 × 10−3 4.0 × 10−3 4.7 × 10−4 3.2 × 10−4 – – 2.3 × 10−3
[102]

Adult – 1.8 × 10−3 2.2 × 10−2 2.1 × 10−1 4.6 × 10−3 1.5 × 10−2 – – 1.3 × 10−2

Lagos,
Nigeria

Child 5.2 × 10−1 2.0 × 10−2 1.3 × 10−1 1.0 × 10−2 1.0 × 10−2 7.2 × 10−1 – – 7.0 × 10−2
[103]

Adult 3.0 × 10−1 1.0 × 10−2 3.0 × 10−2 2.0 × 10−3 1.0 × 10−2 2.3 × 10−1 – – 7.0 × 10−2

Tianshui,
China

Child 1.6 8.0 × 10−3 – 8.4 × 10−2 7.1 × 10−4 3.0 × 10−1 – 5.3 × 10−2 1.1 × 10−2
[104]

Adult 1.4 1.72 × 10−3 – 2.3 × 10−2 6.2 × 10−4 6.3 × 10−2 – 1.1 × 10−2 2.3 × 10−5

Madrid,
Spain

Child 4.3 × 10−1 1.3 × 10−1 – – 2.7 × 10−2 1.1 – – 3.8 × 10−2
[105]

Adult 4.8 × 10−2 1.4 × 10−2 – – 2.9 × 10−3 1.1 × 10−1 – – 4.1 × 10−3

Chiang Mai,
Thailand

Child 1.9 × 10−1 3.3 × 10−2 – 2.8 × 10−1 2.5 × 10−2 2.4 × 10−1 – – 2.3 × 10−2
[106]

Adult 2.5 × 10−2 3.9 × 10−3 – 3.5 × 10−2 2.9 × 10−3 2.9 × 10−2 – – 2.7 × 10−3

Puebla,
Mexico

Child 6.9 × 10−1 3.5 × 10−2 1.4 × 10−1 2.6 × 10−1 5.8 × 10−2 1.3 × 10−1 1.20 2.40 × 10−1 1.3 × 10−2
This study

Adult 7.8 × 10−2 3.8 × 10−3 3.1 × 10−2 3.4 × 10−2 6.3 × 10−3 1.4 × 10−2 1.30 × 10−1 2.80 × 10−2 1.3 × 10−3

Volcanic ash

Puebla,
Mexico

Child 5.5 × 10−2 1.5 × 10−1 – 4.1 × 10−2 5.7 × 10−3 6.3 × 10−3 – – 5.8 × 10−4
[63]

Adult 3.9 × 10−2 2.3 × 10−3 – 1.8 × 10−2 3.2 × 10−3 1.2 × 10−3 – – 1.0 × 10−4

Baishan,
China

Child 1.8 × 10−1 1.7 × 10−3 – 1.4 × 10−1 4.1 × 10−3 3.9 × 10−2 – – 4.8 × 10−3
[89]

Adult 3.3 × 10−1 5.9 × 10−4 – 2.3 × 10−2 1.6 × 10−3 2.6 × 10−2 – – 3.9 × 10−3

Puebla,
Mexico

Child 2.8 × 10−1 7.3 × 10−3 1.2 × 10−1 2.6 × 10−1 2.7 × 10−2 4.8 × 10−2 5.9 × 10−1 1.9 × 10−1 5.3 × 10−3
This study

Adult 3.1 × 10−2 7.9 × 10−4 2.7 × 10−2 3.3 × 10−2 2.9 × 10−3 5.2 × 10−3 6.4 × 10−2 2.2 × 10−2 5.7 × 10−4

4. Conclusions
According to the reviewed literature, several similar studies have been conducted in

various parts of the world; however, the contribution of this study in the city of Puebla
reinforces the fact that each city presents different urbanization dynamics, thus emitting
different concentrations of HMs. Therefore, such studies allow us to better understand
the pollution levels of different cities, enabling the development of targeted mitigation
strategies and, thus, helping to address health risks related to HMs.

This study focused on the current situation of heavy metal contamination in urban dust
and volcanic ash in the city of Puebla, highlighting high levels of Cu and Zn contamination
in some samples. Furthermore, Sb and Sn presented extreme contamination in most of
the urban dust and volcanic ash samples, while Cr, Cu, Ni and Pb showed moderate to
considerable contamination levels in most of the samples. The obtained results suggest that
these HMs have a similar origin, which is assumed to be anthropogenic and mainly due to
vehicular traffic.

The background values used to evaluate HM pollution indices in this study may have
limitations due to the presence of nearby volcanic activity—especially considering that,
although the activity of Popocatépetl has remained relatively constant, there are periods of
inactivity. Therefore, it is recommended that periodic assessments of pollution levels in
the city of Puebla be conducted in order to more accurately understand the dynamics of
anthropogenic pollutants.
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According to the dust/ash ratio values, the concentrations of Cr, Cu, Fe, Mn, Nb, Ni,
Pb, Sb, Sn and Zn were higher in street dust, indicating their primary emission sources to
be anthropogenic. Meanwhile, the origin of Ca, K, Rb, Sr, Ti, V, Y and Zr may be volcanic.
Notably, the V concentrations were above the limits permitted by the Mexican standard,
and prolonged exposure could thus represent a health risk.

The non-carcinogenic risk index in the human population due to exposure to heavy
metals in the volcanic ash samples did not indicate a considerable risk; this could be
attributed to the low concentrations, which may be related to the number of volcanic events
and dispersion by the action of the wind. Nevertheless, in the city of Puebla, the urban
dust is enriched with metals derived from the volcanic activity.

The antimony (Sb) and chromium (Cr) present in street dust pose a non-carcinogenic
risk to children, potentially triggering diseases associated with these elements. Furthermore,
chronic exposure to manganese (Mn) and lead (Pb) could lead to various conditions or
diseases related to these elements (again, primarily in children).

The carcinogenic index results suggest that Cr monitoring is required to ensure that
exposure levels remain within safe limits.

It is recommended that a monitoring system for urban dust and volcanic ash be
implemented. In addition, a city cleaning plan should be designed and implemented,
considering both environmental matrices. As the indicated health risks are elevated in
the child population, environmental and government authorities should take measures to
effectively reduce pollution levels.
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98. Taşpınar, F.; Bozkurt, Z. Heavy metal pollution and health risk assessment of road dust on selected highways in Düzce, Turkey.
Environ. Forensics 2018, 19, 298–314. [CrossRef]

99. Lu, X.; Wu, X.; Wang, Y.; Chen, H.; Gao, P.; Fu, Y. Risk assessment of toxic metals in street dust from a medium-sized industrial
city of China. Ecotoxicol. Environ. Saf. 2014, 106, 154–163. [CrossRef] [PubMed]

100. Hammond, J.; Maher, B.A.; Gonet, T.; Bautista, F.; Allsop, D. Oxidative Stress, Cytotoxic and Inflammatory Effects of Urban
Ultrafine Road-Deposited Dust from the UK and Mexico in Human Epithelial Lung (Calu-3) Cells. Antioxidants 2022, 11, 1814.
[CrossRef]

101. Rahman, M.S.; Khan, M.D.H.; Jolly, Y.N.; Kabir, J.; Akter, S.; Salam, A. Assessing risk to human health for heavy metal
contamination through street dust in the Southeast Asian Megacity: Dhaka, Bangladesh. Sci. Total Environ. 2019, 660, 1610–1622.
[CrossRef]

102. Siddiqui, Z.; Khillare, P.S.; Jyethi, D.S.; Aithani, D.; Yadav, A.K. Pollution characteristics and human health risk from trace metals
in roadside soil and road dust around major urban parks in Delhi city. Air Qual. Atmos. Health 2020, 13, 1271–1286. [CrossRef]

103. Taiwo, A.M.; Musa, M.O.; Oguntoke, O.; Afolabi, T.A.; Sadiq, A.Y.; Akanji, M.A.; Shehu, M.R. Spatial distribution, pollution index,
receptor modelling and health risk assessment of metals in road dust from Lagos metropolis, Southwestern Nigeria. Environ. Adv.
2020, 2, 100012. [CrossRef]

104. Tan, B.; Wang, H.; Wang, X.; Ma, C.; Zhou, J.; Dai, X. Health risks and source analysis of heavy metal pollution from dust in
Tianshui, China. Minerals 2021, 11, 502. [CrossRef]

105. Delgado-Iniesta, M.J.; Marín-Sanleandro, P.; Díaz-Pereira, E.; Bautista, F.; Romero-Muñoz, M.; Sánchez-Navarro, A. Estimation of
ecological and human health risks posed by heavy metals in street dust of Madrid City (Spain). Int. J. Environ. Res. Public Health
2022, 19, 5263. [CrossRef] [PubMed]

106. Somsunun, K.; Prapamontol, T.; Kuanpan, T.; Santijitpakdee, T.; Kohsuwan, K.; Jeytawan, N.; Thongjan, N. Health Risk
Assessment of Heavy Metals in Indoor Household Dust in Urban and Rural Areas of Chiang Mai and Lamphun Provinces,
Thailand. Toxics 2023, 11, 1018. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/environments13030148

https://doi.org/10.1016/j.scitotenv.2013.09.104
https://doi.org/10.1016/S0169-1317(00)00004-1
https://doi.org/10.1007/s11869-020-00851-5
https://doi.org/10.3390/atmos12040483
https://doi.org/10.1007/s00244-017-0475-9
https://www.ncbi.nlm.nih.gov/pubmed/29159702
https://doi.org/10.1080/15275922.2018.1519736
https://doi.org/10.1016/j.ecoenv.2014.04.022
https://www.ncbi.nlm.nih.gov/pubmed/24840878
https://doi.org/10.3390/antiox11091814
https://doi.org/10.1016/j.scitotenv.2018.12.425
https://doi.org/10.1007/s11869-020-00874-y
https://doi.org/10.1016/j.envadv.2020.100012
https://doi.org/10.3390/min11050502
https://doi.org/10.3390/ijerph19095263
https://www.ncbi.nlm.nih.gov/pubmed/35564658
https://doi.org/10.3390/toxics11121018
https://www.ncbi.nlm.nih.gov/pubmed/38133419
https://doi.org/10.3390/environments13030148

	Introduction 
	Materials and Methods 
	Study Site 
	Sampling of Dust in the Streets and Volcanic Ash of the City of Puebla 
	Processing and Analysis of Heavy Metals 
	Mineralogy and Morphology of Street Dust Particles and Volcanic Ash 
	Analysis of Pollution Levels 
	Assessment of Risks to Human Health from Exposure to Heavy Metals in Dust and Volcanic Ash 

	Results and Discussion 
	Elements Concentration 
	X-Ray Diffraction and Morphology Analyses 
	Pollution Levels 
	Contamination Factor 
	Geoaccumulation Index 
	Spatial Analysis 

	Risk to Human Health 

	Conclusions 
	References

