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Abstract: Road dust (RD) is one of the most important sources of particles in the atmosphere,
especially in industrial areas and cities. In this special issue, we collected 16 original articles that
describe field, experimental, and modeling studies related to RD and its various size fractions as a
key issue in understanding the relationships between several urban and industrial environments and
in the identification of pollution sources. Articles in the special issue focus primarily on the following
main topics: (1) study of the chemical composition and speciation of RD and its source attribution; (2)
assessment of RD and aerosol pollution levels (including express technique), environmental hazards
and public health risks; (3) distribution of stable and radioactive isotopes in RD; (4) determination of
factors affecting the level of dust accumulation on roads and the intensity of its pollution; and (5)
study of the effect of RD on the atmosphere and other environments. Based on the results presented
in this special issue, but not limited to, some of the current challenges in studying RD are formulated,
including the need for further geographically wider and analytically deeper work on various aspects
of the formation, transport pathways, and accumulation of RD in urban, industrial and other areas.

Keywords: air pollution; road dust and road pavement; particle size distribution; source apportion-
ment; environmental interactions; toxic elements and compounds; nanoparticles and microplastic;
spatial variation and modeling; health and ecological risks; mitigation strategies

1. Introduction

Resuspended road dust (RD), enriched with toxic elements, polycyclic aromatic hy-
drocarbons (PAHs), black carbon, etc., is one of the most important sources of coarse, fine,
and ultrafine particles in the atmosphere, which is especially true for industrial sites and
cities with a high density of road network and large areas sealed under road pavements [1].
In turn, the chemical composition of RD is determined by the impact of a wide range of
anthropogenic sources, as well as by the deflation and erosion by rainfall of roadside soils in
summer (especially in the relatively dry climate), blowing out de-icing agents in winter and
after snowmelt, transportation of particles with stormwater runoff, deposition of suspended
atmospheric particles, and precipitation. The chemical and physical characterization of
RD size fractions is a key issue in understanding the relationships between several urban
and industrial environments and in the identification of pollution sources. However, in
many cities and towns, there is a significant lack of knowledge of the composition of RD
and its individual size fractions, dust loadings, the anthropogenic impact on the degree of
RD pollution, and potential risks of RD to public health and ecosystems.

In this special issue, we collected 16 original articles that describe field, experimental,
and modeling studies related to detailed analyses of RD and its various size fractions
as a significant source of air pollution. Priority attention is paid to modern techniques,
approaches, and methods for assessing the contribution of various sources to the chemical

Atmosphere 2022, 13, 607. https://doi.org/10.3390/atmos13040607 https://www.mdpi.com/journal/atmosphere1



Atmosphere 2022, 13, 607

composition of RD size fractions (i.e., source apportionment) and the assessment of public
health and ecological risks, as well as other related issues of particulate matter, including
ultrafine particles.

The field data that formed the basis of the papers in this special issue were collected
worldwide, which proves the considerable interest of researchers from the regions of North,
Central and South America, Europe, Asia, and Africa in the study of RD, and countries
including Brazil [2], Canada [3], Colombia [2], Costa Rica [2], Egypt [4], India [5], Mex-
ico [6,7], Pakistan [8], People’s Republic of China [8,9], Republic of Korea [10,11], Russian
Federation [4,12–14], Spain [2], Taiwan (Republic of China) [15], the United States of Amer-
ica [16,17], and Vietnam [15]. The study areas included roads of various types and sizes
within different land-use areas (commercial, residential, industrial, recreational, educa-
tional, etc.) in megacities [2,5,6,8,15], large [3,4,7,12,13] and medium-sized cities [2,12–14],
industrial areas [9–11], paved and unpaved roads between cities and settlements [16,17]. In
the literature, various terms are usually used to denote particles that accumulate on the
roadway surfaces, such as “road dust(s),” “street dust(s),” “road-deposited sediments,”
“sweepsand”, etc. The authors of the special issue predominantly used the term “road
dust” [2,3,5–8,10,14], although terms such as “street dust” [15], “urban dust” [11], “road
sediments” [2], “urban sediments” [12], “urban surface deposited sediments” [4,13] are
also used.

Articles in the special issue focus primarily on the following main topics: (1) study of
the chemical composition of dust and sources of various substances in it, (2) assessment
of RD and aerosol pollution levels, environmental hazards and public health risks, (3)
distribution of stable and radioactive isotopes in RD, (4) determination of factors affecting
the level of dust accumulation on roads and the intensity of its pollution, and (5) study of
the effect of dust on the atmosphere and other environments.

2. Chemical Composition and Source Apportionment

The study of the composition of RD and an assessment of their probable sources is one
of the main topics of most work on RD worldwide, which was also reflected in our special
issue. The largest number of papers in the special issue is devoted to the study of RD
chemical elements, such as metals and heavy metals (HMs) [3,6,8,9,11,15], potentially toxic
elements (PTEs) [7,10,14], major, mineral, minor, and trace elements [2,5,11,13], and ions [2].
Among the analytical methods, inductively coupled plasma mass spectrometry (ICP-
MS) [2,3,8–10,14,15], inductively coupled plasma optical spectrometry (ICP-OES) [3,5,6,11],
inductively coupled plasma atomic emission spectroscopy (ICP-AES) [14], X-ray fluores-
cence with dispersed energy (XRF-ED) [7], scanning electron microscope equipped with
an energy-dispersive spectrometer (SEM-EDS) [7,13] are most frequently used. H. Jeong
et al. [10] also measured the magnetic susceptibility of RD.

Several articles are devoted to studying the mineralogical composition and type of
individual RD particles. For example, Y. Aguilar et al. [7] found that calcite, quartz, ankerite,
anorthoclase, and albite are the main minerals of RD of the city of Mérida Yucatán, Mexico,
and natural minerals such as hematite, goethite, boehmite, dikite, sanidine, tosidite, and
yeelimite are found in smaller quantities; among the anthropogenic minerals, maghemite
is the most common, which determines the highest magnetic signal to RD. A. Seleznev
et al. [13] showed that 19% and 13% of particles in the urban surface-deposited sediments
in the residential areas of ten Russian cities located in different economic, climatic, and
geological zones are characterized as technogenic (e.g., plaster, car tires, household waste,
glass, coal, paint, brick, silicate and iron microspheres, granulated and lithoid slag) in
particle size fractions of 0.1–0.25 and 0.25–1 mm, respectively, and the rest of the particles is
represented by the mineral and natural organic fragments. The results in this special issue
prove the need for a detailed study of the mineralogy of RD and adjacent environments
(such as soils, atmospheric depositions, and parent rocks), pavement condition, land use,
etc. to obtain more accurate information about their mineral matrix and color variation
features (see Section 3).
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For source identification and apportionment of elements in RD and aerosols, a wide
range of approaches and methods have been used, among which the most common are:
enrichment factors (EFs) [2,5,11,14,15], Zn/Cu ratio to assess the contribution of traffic
activities related to the abrasion of brake pads and tires [10], Cu/Sb ratio to evaluate
the contribution of brake wear emissions in RD [2], as well as a hierarchical clustering
analysis (HCA) [3,5,15], principal component analysis (PCA) [2,10,14,15], and positive
matrix factorization receptor model (PMF) [9]. One of the EF calculation problems is the
choice of the reference element [18]. In the special issue, Al and Fe are the most frequently
used reference elements in the study of mineral environments [2,14,15]. However, Li
was also used due to possible precipitation of Al and Fe hydroxides when the salinity is
changed in an estuary environment [11], as well as Ti since it is a stable, non-reactive, and
inert element with respect to the physicochemical parameters of the environment, and is
negligibly added by anthropogenic activities [5].

In the work of S. Sun et al. [9], using data on the concentrations of HMs in atmospheric
PM2.5 in Huludao City, an industrial city in northeast China, and the results of PMF, it
was shown that in the heating and non-heating periods the leading sources of pollutants
are coal combustion (at Huagong Hospitals) and industrial emissions (Xinqu Park); the
contribution of traffic emissions is 10–31%. S. Vanegas et al. [2], comparing the chemical
composition of RD from two cities in Colombia, proved that volcanic ash could be an
important source of SO4

2−, Cl−, and elements that form the mineral matrix of RD; while
Cu, Pb, Cr, Ni, V, Sb, and Mo are mainly associated with exhaust and non-exhaust traffic
emissions. D. Moskovchenko et al. [14] for Surgut, a rapidly developing city in Western
Siberia, Russia, found that RD particles of size 100–250 μm originate from geogenic sources
and abrasion processes caused by road traffic, while particles < 50 μm mainly originate
from industrial emissions; the chemical composition of RD is mainly predetermined by
contributions from sources associated with road traffic (the abrasion of car tires and brake
pads), soil erosion, and solid waste incineration.

Articles of the special issue did not cover studying the chemical fractionation of
elements in RD and its particles of various sizes, although this information is essential
for understanding the potential sources of elements, their mobility, and environmental
hazard [19].

3. Pollution Levels and Health Risks Assessment

The second central area of research in the special issue is the assessment of RD pollution
levels, environmental hazards, and public health risks. The level of RD contamination
with individual chemical elements was estimated using the enrichment factor, which
was mentioned above, as well as the geo-accumulation index (Igeo) [8,10,15], pollution
index (PI) or contamination factor (CF) [5,8,15], degree of contamination (Cdeg) [5], and
global pollution index (PIr) [14]. Comprehensive assessment of contamination with several
pollutants is carried out using pollution load index (PLI) [6,15], and total enrichment factor
(Ze) [14]. To assess the environmental hazard of toxicants in RD, the potential ecological
risk factor (Er) is calculated, and for the integral assessment, the comprehensive ecological
risk (PER) is used [5,10,14,15].

H. Jeong et al. [10] showed that among PTEs in RD from nine industrial areas in the
Republic of Korea, the potential ecological risk index is in the decreasing order of Cd >
Pb > Hg > Cu > As > Zn > Ni > Cr, and the highest concentration of PTEs was at the
Onsan Industrial Complex with many smelting facilities. M.-S. Kim et al. [11] found that
the concentrations of Mn, Zn, Cd, and Pb in RD in a residential area near Donghae port,
Republic of Korea, and in the port are approximately up to 112 times higher in comparison
with the control area. S. Vanegas et al. [2] studied differences in the level of RD pollution in
the Bogotá megacity and Manizales city, Colombia. In Bogotá, EFs show extremely high
values for Mo and Sb, very high for Cu and Pb, high for Ni, Se, and Cr, while in Manizales,
EFs are extremely high for Mo, Se, Sb, and Mn, very high for Cu and As, and high for
Ni, Cr, and Pb; the results proved the need to study Se in RD of other cities due to its

3
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intense accumulation. A study of street dust from Ha Noi highway, Ho Chi Minh City,
Vietnam, by V.T. Nguyen et al. [15], showed moderate contamination levels for Pb, Cd, Cu,
Sn, Mo, and Zn (based on Igeo), moderate levels for Cd, Cu, Mo, and Sn and moderate–
severe levels for Zn (based on EFs), while PER indicates a high potential ecological risk;
also, Igeo levels for B close to the main pollutants were established, which can be helpful
when choosing elements for ecological and geochemical monitoring of RD pollution. S.
Beauchemin et al. [3] studied the chemical composition of ultrafine particle fraction (UFP)
of RD in the City of Toronto, Canada, and showed up to 2 times higher concentrations of
Cd, Cr, Zn, and V in UFP compared to the total dust, as well as higher levels of pollution
(up to 2 times for Cd, Zn, and V and nine times for Cr) of UFP from arterial roads compared
to local roads. The elevated concentrations of transition metals in UFP can cause oxidative
stress in human lung cells.

Y. Aguilar et al. [7] developed a proxy methodology and innovative tool to identify RD
samples contamination with PTEs using the RGB system and the Munsell color cards. This
approach was verified by a discriminant analysis, which confirmed the identification of five
groups of RD samples by colorimetric indices and PTE concentrations. Contamination level
reaches high in “dark gray” (III) and “very dark gray” (V) samples, decreases to medium
in “gray” (II) samples, and low in “greyish brown” (I) and “dark grayish brown” (IV) RD
samples. At the same time, the “very dark gray” RD contains the highest concentrations of
Pb, Cu, Zn, and Y; the redness and saturation rates showed high correlations with PTEs in
“dark gray” and “very dark gray” RD. An important conclusion is that samples of “grayish
brown” and “dark grayish brown” colors can be discarded from the chemical analysis
when monitoring urban RD pollution.

Using U.S. EPA methodology, M. Faisal et al. [11] estimated non-carcinogenic and
carcinogenic risks of Cr, Cu, Ni, Zn, Cd, As, Pb, and Hg in PM2.5 portion of RD from five
different land use areas of Zhengzhou, China. PI and Igeo show the extreme pollution
of RD with Hg, Cd, and Zn. The most significant non-carcinogenic exposure to children
is the exposure of Pb in commercial and industrial areas. Both children and adults in
Zhengzhou’s commercial, residential, and park areas are exposed to higher Cu, Pb, and Zn
levels. However, the cancer risk value of Cr was more likely to be at the lower limit of the
threshold value, particularly in the industrial area.

Using similar approaches, D. Majumdar et al. [5] assessed the health risks associated
with pollution of RD by chemical elements at a few major commercial, traffic, and residential
sites in the Kolkata megacity. They establish that Cd and Li have the highest enrichment
level relative to the average composition of the earth’s crust, among which only Cd posed
significant ecological risk due to its high ecological toxicity. Although individual chemical
elements do not form significant non-cancer health risks (except for Li for children), the
cumulative non-cancer risk for children was almost four times higher than the acceptable
level, being ingestion the primary exposure pathway. Lifetime exposure to carcinogenic
elements at the current level may pose up to six times higher cancer risk in the adult
population than the acceptable risk.

Using U.S. EPA methodology, D. Moskovchenko et al. [14] assessed the health risk to
the population of Surgut (Russia) posed by RD contaminated with a large number of PTEs.
EFs showed significant enrichment level of RD with Sb and Cu, and moderate enrichment
with Zn, Pb, Mo, Ni, and W. Based on PIr and Ze, the RD was characterized by a low level
of potential ecological risk, except for stretches of road subject to regular traffic jams, where
a moderate ecological risk was identified. The greatest potential risks to human health
were associated with the ingestion pathway. Children tend to be at higher risk than adults
because of their relatively lower body weight. Sb, Ni, Cu, and As are generally the most
harmful elements within Surgut, with additional health risks associated with Cd and Pb
within some city areas. Despite the low Ni enrichment of RD, its health risk is high due
to the high toxicity. However, both carcinogenic and non-carcinogenic risks of PTEs were
generally acceptable or tolerable due to their low concentrations in the RD in Surgut.

4
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S. Sun et al. [9] evaluated non-carcinogenic and carcinogenic risks for the population
from HMs in atmospheric PM2.5 using the U.S. EPA methodology and the entropy weight
method (EWM) during heating and non-heating periods at two sites in Huludao City
(China). PM2.5 pollution with HMs is higher in the heating period than in the non-heating
period. Human health risks are determined by differences in the contributions of HMs in
PM2.5 from various sources and differ significantly between children, adult men, and adult
women. Children have the highest, and adult females have the lowest non-carcinogenic
risk, whereas adult males have the highest and children have the lowest carcinogenic risk.
In general, the traditional U.S. EPA and EWM methods give close estimates of health risks,
but in cases where the differences are quite high, it is recommended to use EWM to estimate
non-carcinogenic health risks due to the smaller dispersion of the result.

The special issue did not cover studies on environmentally hazardous chemical com-
pounds and substances, which are both good indicators of pollution sources, such as black
carbon and PAHs, environmentally persistent free radicals (EPFRs), organophosphate
esters (OPEs) and other organic micro-pollutants [20], micro and nanoplastics [21], glass
microspheres [22], platinum group elements (PGE) and rare earth elements (REE) [23], etc.
In addition, no source-specific risk assessment nor characterization of bioaerosols in RD
were conducted.

4. Isotopic Composition and Radioactivity of Road Dust

The isotopic composition of RD and its radioactivity remain rather poorly studied.
However, these parameters can play a significant role in identifying and understanding
the geochemical processes of sedimentation and migration of solid particles in urban and
industrial areas. The special issue presents two studies to fill the gaps on this topic.

The first one, by M.Y. Hanfi et al. [4], is devoted to assessing gross alpha and gross beta
activity in the road- and surface-deposited sediments in three Russian cities in different geo-
graphical zones (Ekaterinburg, Nizhny Novgorod, Rostov-on-Don). New methods dealing
with low mass and low volume of dust-sized samples obtained after the size fractionation
procedure were applied. Due to the presence of radionuclides transferred through natural
and anthropogenic processes, the highest gross beta activity concentrations are in the
2–10 μm fraction size in Nizhny Novgorod and Rostov-On-Don and particles of 50–100 μm
in Ekaterinburg. On the other hand, the highest gross alpha activity concentrations are
characteristic of large particles of 50–100 μm compared to finer particles of 2–10 μm and
10–50 μm due to natural partitioning of the main minerals constituting the urban surface-
deposited sediment and are found in Rostov-on-Don. In general, gross alpha and gross
beta activity in the studied cities are associated with natural radionuclides, which are found
in various cities regardless of climate, geographical location, and industrial development
and whose primary sources are geological formations and natural building materials.

M.-S. Kim et al. [11] used isotopic compositions (13C, 208/207Pb, 207/206Pb) of urban
dust, topsoil, and PM10 samples from a residential area near Donghae port surrounded
by various types of industrial factories and raw material stockpiled on empty land, and
the Stable Isotope Analysis Bayesian mixing model within the R software to assess the
contributions of the main pollution sources. It is shown that, depending on the influence of
one or another source (cement, Zn ore, coal, coke, Mn ore, soil), isotopic values significantly
change in the RD. The application of this method made it possible to prove a significant
impact of wind-blown dust from raw material stockpiles near ports and factories, that is,
port activities affect the air quality of residential areas in the city. The authors conclude that
stable isotope compositions of metals can predict environmental changes and be used as a
powerful tool to trace the present pollution and the history of contamination in complex
contexts associated with peri-urban regions.

5. Factors of Road Dust Accumulation and Contamination

The chemical composition and particle-size distribution of RD and the amount of
particles emitted during the movement of vehicles depend on meteorological, geochemical,
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anthropogenic, and other factors. Several articles of the special issue are devoted to
this topic.

A. Aguilera et al. [6] studied the influence of various city parameters (namely, popula-
tion density, job density, street intersections, road surface, distance to the airport, distance
to the city center, manufacturing units, potentially polluting units, gray area, entropy index,
vegetation, distance to vegetation, median strip area, and marginalization index) on Cr,
Cu, Pb, Zn, and Ni accumulation in the RD of Mexico City using spatial autocorrelation
(Global Moran’s I) and applying ordinary least squares and spatial regression models. Low
positive spatial autocorrelations in all HMs prove the greater relevance of the local aspects
over regional processes as the determinants of the HM content in urban RD. Most variables,
including the population density, street intersections, distance to the city center, a gray
area, distance to vegetation, and marginalized areas, do not detect any relationship with
HMs. The potentially polluting units positively impact the dust load, while vegetation,
job density, and road surface significantly reduce the dust load. The median strip area in
the roads has a weak but consistent positive relationship with Cr, Cu, Ni, Pb, and the PLI.
The distance to the airport has a weak and inverse relationship with Pb. Manufacturing
units are associated with an increase in Cu, while the entropy index is associated with an
increase in Ni.

I. Yarmoshenko et al. [12] estimated natural and anthropogenic factors influencing
the sedimentation processes in urbanized catchments in the residential areas of six large
Russian cities based on field landscape surveys. The most significant impact on a high
urban sediment formation potential in residential areas is formed by a low adaptation of
infrastructure to a high density of automobiles, poor municipal services, and poor urban
environmental management in the course of construction and earthworks. The significant
impact of motor vehicles in the urban environment includes mechanical sediment transport
that sharply increases the sediment connectivity within the urban landscape.

H. Jeong et al. [10] estimated the median total loading of RD in nine industrial sites in
the Republic of Korea as 822 g/m2, ranging from 334 to 1669 g/m2, which is 2.1–6.5 and
15–16.4 times higher than that in the heavy traffic and urban (commercial and residential)
areas, respectively. In Mexico City, the total loading of road dust particles of size < 250 μm
ranges from 5.4 g/m2 to 173.3 g/m2, with a median value of 43 g/m2 [6]. In Bogotá,
the total loading of RD particles of <10 μm is within 1.8–45.7 mg/m2 with an average
of 11.8 mg/m2, while in Manizales, it ranges between 0.8–26.7 mg/m2 with an average
of 5.7 mg/m2; construction and demolition activities are identified as relevant emitters
of RD [2]. According to M. Kim et al. [11], an important factor of RD contamination
with Mn, Zn, Cd, and Pb is the distance to the source (port), with an increase in which
the concentrations of pollutants decrease. Additionally, metal concentrations in ultrafine
particles depend on the amount of traffic, the ratio of different types of transport (including
light to heavy-duty vehicles), and the speed of transport [3]. Road dust pollution increases
on sections of roads with traffic jams [14].

The special issue does not contain articles devoted to various aspects of RD man-
agement, assessment of the efficiency of various methods to reduce the amount of dust
generated during traffic, methods of its disposal, etc., although these topics are very rele-
vant [20]. Nevertheless, in some papers in the special issue, based on the results obtained,
conclusions are drawn about the need for the urgent introduction of an efficient manage-
ment strategy to reduce RD in industrial areas to protect the health of employees and
residents around industrial complexes. In addition, to reduce coastal pollution induced by
RD wash-off during rainfall events [10], to increase the coverage and frequency of cleaning
roads from dust, especially in areas with possibilities of substantial human exposure and
mainly using vacuum-assisted road sweeping machines to remove the most contaminated
fine dust fractions [5], as well as the need for cleaning primary roads and areas with “dark
gray-” and “very dark gray”-colored dust to more effectively reduce the risk to public
health [7].
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6. Resuspension of Road Dust and Relationships with Other Environments

Road dust is an essential source of particulate matter in the atmosphere [24], so many
papers in the special issue are devoted to assessing the RD resuspension, highlighting the
relationship between RD and the atmosphere.

D.R. Fitz and K. Bumiller using the SCAMPER method for measuring PM10 emission
rates from roadways estimated mitigation methods for public unpaved sections of two
different Arizona state highways and a treated mine haul road near the Cricket Mountains
in Utah, USA [17], as well as for a wide variety of paved roads in the Phoenix metropolitan
area, Arizona, USA, in March, June, September, and December [16]. The suppressant
applied five months ago reduces PM10 emissions by five times, and applied a year ago
reduces PM10 emissions by sixty times. The measured emission rates for unpaved roads
are approximately seven times higher on a mass basis than those predicted by the AP-42
unpaved road equation. Loaded haul trucks blow almost twice as many PM10 particles as
unloaded trucks. For paved roads in the Phoenix metropolitan area, the PM10 emission rates
vary from 0 to 2000 μg per vehicle meter travelled (with an average of 79 μg per vehicle
meter travelled) and are generally low unless the road is impacted with dust deposited
by activities such as construction, sand and gravel operations, agriculture, and vehicles
traveling on or near unpaved shoulders and roads. There is no significant difference in
emission rates between seasons. There is a major drop in emission rates over a weekend,
when dust generation activities such as construction are expected to be much reduced.
By Monday, the PM10 emission rates had risen to the levels of the previous Friday, which
indicates a rapid achievement of equilibrium in PM10 generating potential. The accuracy of
the SCAMPER method is about 20% for unpaved sections of state highways and about 25%
for paved roads in urban areas.

The efficiency of dust resuspension from the road surfaces, its hazard to public health
and ecosystems, the ability to migrate over considerable distances, and the possibility of
participation of its components in chemical reactions largely depend on the particle size dis-
tribution of dust. Therefore, in the special issue, studies are carried out on the particle size
distribution of RD [3,5,10,13,14], as well as on the chemical composition of dust particles and
aerosols of different sizes: 0.01–0.018 μm, 0.018–0.032 μm, 0.032–0.056 μm, 0.056–0.1 μm,
0.1–0.18 μm, 0.18–0.32 μm, 0.32–0.56 μm, 0.56–1.0 μm, 1.0–1.8 μm, 1.8–3.2 μm, 3.2–5.6 μm,
5.6–10 μm, and 10–21.1 μm [3], <2.5 μm [8,9], <10 μm [2,11,16,17], 2–10 μm, 10–50 μm,
and 50–100 μm [4], <28 μm, 28–45 μm, 45–63 μm, and 63–106 μm [5], 100–250 μm, and
250–1000 μm [13], <149 μm [15], <250 μm [6], <500 μm [11], <1000 μm [10,14], <2000 μm [7].
D. Majumdar et al. [5] showed that with an increase in the particle size of RD, the concen-
trations of Cd, Cr, Co, Pb, Mn, Ni, Sr, Zn, Ti, and Cu decrease, while the concentrations of
Li increase.

In our opinion, from the point of view of their health effects, it is crucial that many
of the papers presented in the special issue are devoted to the study of fine and ultrafine
particles, or size-segregated RD, which made it possible to obtain accurate information
about the chemical composition of the most dangerous particles that blow within urban
and industrial environments. Further researches are likely to be devoted to the thoracic
fraction (<10 μm) [25–29], as well as fine, ultrafine particles and nanoparticles, which have
been actively studied in recent years in various cities and industrial areas [30–33].

In addition to the links between RD and the atmosphere, the article by H. Jeong
et al. [10] shows the RD as a potential pollution source for coastal environments: particles
of <125 μm contribute up to 41% of the total load of suspended solids in stormwater
runoff at intensive industrial areas of the Republic of Korea. However, the effect of RD
on pollution of other environments (soils, surface waters, crops, suspended sediments,
bottom sediments, etc.) has not been studied in detail in the special issue, although such an
effect and the feedback of other environments on the chemical composition of RD may be
significant [34,35].
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7. Conclusions and Further Research Needs

The studies presented in this special issue are a snapshot of the RD investigations
and, at the same time, point to the need for further geographically more extensive and
analytically more profound studies of various aspects of the formation, migration, and
accumulation of dust and its individual particles in urban, industrial, and other areas.
Therefore, we formulate the following main directions for further research, which, in our
opinion, will allow us to take a fresh look at the role of RD in the environment.

• More detailed studies of the distribution of black carbon, organic compounds, and
their derivatives (PAHs, EPFRs, etc.) in RD are required to clarify the possibility of
their use as indicators of individual sources of adverse impact in urban and industrial
areas and combined use with chemical elements for source apportionment.

• It is necessary to include the determination of the content of cations and anions in
the water extract in the list of routine indicators when studying the RD, as well as to
expand the list of interests by B, P, Se, REE, PGE, which will improve the reproducibility
of source apportionment results.

• Studies of radioactivity and stable isotope ratios can provide new insights into the re-
lationship between resource and fuel consumption in industry and transport (burning
specific fuel grades, consuming ore from certain locations with their typical isotope
ratios, etc.) and isotopic “response” in RD and other environments.

• To improve the accuracy of assessments of environmental hazards and public health
risks from contaminated RD, it will be useful to develop a methodology and make
comprehensive observations in different cities to assess the ratio of the forms of
chemical elements (geochemical fractionation) and determine the biological availability
of elements, the distribution of pollutants in particle size fractions of RD (especially in
fine particles and nanoparticles), conducting a source-specific risk assessment based
on the results of the modern source apportionment methods (PMF and other receptor
models), clarifying the risk assessment methodology (for example, using the EWM
method, and also by taking into account data on the bioavailable fraction of pollutants
instead of the total content) and assessing the intensity of RD resuspension into the
atmosphere.

• From a methodological point of view, it will be helpful to unify dust sampling methods
(sweeping, use of vacuum cleaners with dry sampling, wet vacuuming, etc.), methods
for particle separation (air classification, dry and wet sieving, sedimentation with
or without sonication and centrifugation, etc.), the choice of a more appropriate
geochemical fractionation scheme (e.g., Tessier et al. scheme, BCR, etc.), to develop
of a system of indices for assessing the intensity and hazard level of pollution (EF,
Igeo, CF, PLI, NPI, etc.) with justification for the choice of comparison standards
(background soils, atmospheric depositions, aerosols, the upper continental crust, etc.)
and reference elements (Al, Sc, Ti, Fe, Rb, La, Ta, etc.) used for their calculations, as
well as to introduce a methodology for the comprehensive analysis of RD and adjacent
environments, such as atmospheric aerosols and precipitation, soils, stormwater,
surface waters, bottom and suspended sediments.

• Considering the deleterious effects on human health of exposure to airborne microor-
ganisms and the potential accumulation of bioaerosols in RD, research on the charac-
terization of biological contaminants and the risks of exposure after resuspension of
this material could be carried out.

• Quantification of the impact of RD to anthropogenic aerosol radiative forcing in climate
change studies and potential feedbacks.

Of course, the list of problems of studying RD raised in the special issue is not
exhaustive, but, in our opinion, this special issue makes a significant contribution to further
research in various scientific areas, interacting with such an interesting and relatively
challenging to study environmental object as road dust.
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Abstract: The design of proxy techniques is an innovative tool to monitor the potentially toxic
elements of pollution in road dust. This study evaluated the use of road dust color as a proxy method-
ology to identify samples contaminated with presumably contaminating elements. FRX determined
the concentrations of Fe, Ti, Rb, Sr, Y, Cu, Zn, and Pb in eighty-five road dust samples. The appliance
of the RGB system and the Munsell color cards identified five color groups of road dust samples. The
discriminant analysis validated these groups by colorimetric indices and presumably contaminating
elements. The “very dark gray” color of road dust contains the highest concentrations of Pb, Cu, Zn,
and Y. The redness and saturation rates showed high correlations with presumably contaminating
elements in “dark gray” and “very dark gray” color samples. The color of road dust, as a proxy
technique, allows identifying samples contaminated with presumably contaminating elements.

Keywords: color indices; redness; hue; saturation; lead; pollution

1. Introduction

The World Health Organization [1] stated that around 6 million people living in cities
die from environmental pollution, of which pollutants are presumably part of the problem
because they can adhere to plant leaves and trees [2,3], on the soil [2,4,5], and in road
dust [3,6].

Road dust is composed of fine particles with presumably contaminating elements; it is
a mixture of natural soil; soil brought from other places for the refurbishment of green areas;
cars’ wear particles (combustion smoke, brakes, and oil, among others); and motor vehicles;
and weathering particles of roads, mainly [7–10]. The prolonged exposure to particles with
presumably contaminating elements and with sizes of 10 μm or smaller, can lead them to
enter the respiratory system, deposit in the trachea and lungs, reach the bloodstream, and
generate various health problems, including being precursors of cancer [11].

Potentially toxic elements pollution in road dust is an issue that affects the population
health; however, its continuous monitoring is disregarded because of the expensive studies
and prolonged analysis time. Then, in the last decade, proxy technologies (fast and
low cost) have emerged for diagnosis. Among the proxy techniques, environmental
magnetism [2,3,8,12]; and the color of the particles [6,13,14] stand out. In this sense, it will
be of great help to have a type of proxy technology that allows the selection of tens and not
hundreds or thousands of samples that could go to the laboratory to be analyzed.
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Color is a physical property of particles that often correlates with chemical proper-
ties; for example, in soils, the color is related to organic matter [15,16], minerals [17–19],
humidity, and drainage regime [20], among others. In road dust, the background on the
subject is scarce, few authors have reported the relationship between road dust color and
presumably contaminating elements [6,13,14].

Technological advances have allowed the measurement of color with the traditional
alphanumeric system [21] to numerical measurements using the CIELab and RGB sys-
tems [20,22]. This fact has allowed the possibility of making mathematical relationships
with the chemical properties of road dust [6,23].

On the other hand, for its exceptionally diverse components, each city is a particular
case, because the color of road dust depends on the natural components (types of rock
and soil), as well as on the types of the intensity of human activities and types of urban
land use.

The objective of this study was to evaluate the use of color, a fast and low-cost proxy
technique, as an indicator of potentially toxic element contamination in road dust samples
from Mérida, México, as well as evaluating the concentration of potentially toxic elements
by type of road.

2. Materials and Methods

2.1. Study Area

The city of Mérida Yucatán is located at coordinates 20◦58′04′′ N 89◦37′18′′ W, and
is located on a structural karst plain with an average altitude of 9 m above sea level. The
climate is warm subhumid (between 28–38 ◦C) with rains in summer Aw0 (i ‘) gw’ ‘is the
driest subtype, with a thermal oscillation of 5 to 7 ◦C between the warmest month and the
coldest month [24]. The dominant soils are from the Leptosol group with Nudilthic, Lithic,
and Rendzic qualifiers [25].

Systematic sampling with homogeneously distributed samples was designed, 86 sam-
ples of road dust were taken on the streets, the sampling area was 1 m2, and the geographi-
cal location of the sampling sites was taken. We select the place with the highest amount
of road dust within a radius of 20 m around each sampling site, with the idea of having a
sufficient amount of sample for chemical and mineralogical analyses (Figure 1).

The samples of the road dust were dried in the shade, ground with an agate mortar,
and screened with ten mesh (2 mm).

2.2. Chemical and Physical Analyses of Road Dust

With the road dust samples, we prepared tablets with 0.4 g. The sample of road dust
was placed in a die of 5 mm in diameter and compressed at 4000 psi pressure for 2 min,
without any chemical or binder treatment. The tablets were placed on the sample holder
and sealed using Mylar film. The road dust was analyzed using X-ray fluorescence with
dispersed energy (FRX-ED), in a Jordan Valley spectrometer (EX-6600) equipped with a Si
(Li) detector with an active area of 20 mm2 and a resolution of 140 eV to 5.9 keV, operating
at a maximum of 54 keV and 4800 μA; international reference patterns were utilized for
rocks and soils [5,26,27].

As a quality control measure, the samples were analyzed five times. The calibration
curve was made using the standards of the IGL series. The IGLsy-1 standard, which corre-
sponds to a nepheline Syenite with a high content of Al and Si, was used as measurement
control. The use of the XRF-DE technique is common and appropriate in pollution studies
(soils and dust) in which the concentrations of potentially toxic elements are of the order of
tenths and hundredths of mg/kg, as was the case with this study [5,27].
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Figure 1. Geographical location of the road dust sampling sites.

The analyzed elements were those typically measured in contamination studies, such
as copper (Cu), zinc (Zn), and lead (Pb). Those that come from the combustion of fossil
fuels, such as iron oxides (Fe2O3) and titanium oxide (TiO2). Three elements that are
commonly found in the soils of the study area, such as strontium (Sr), yttrium (Y), and
rubidium (Rb), and the following major elements: CaO, Na2, K2O, MgO, MnO, Al2O3, and
SiO2. The measurements were made in the National Laboratory of Nano and Biomaterials
(LANNBIO), at CINVESTAV Mérida, Yucatán.

The samples of road dust were also analyzed using the Munsell table [21]. The color of
the road dust was also measured using diffuse reflectance spectroscopy with an optical re-
flectance in a spectral range of 380–1100 nm using a UV/VIS fiber-optic spectrophotometer
(AvaSpec HS2048 XL model) coupled to an integration sphere (AvaSphere-50-REFL model).
The integration sphere minimizes the specular/diffuse reflectance ratio of the captured
radiation [19]. In this configuration, a deuterium-halogen light source (AvaLight DH-S-BAL
model) illuminates the sample, and the spectrometer receives the reflectance of the sample.
Five measurements were done for each sample in order to obtain a representative value;
the WS-2 standard (Avantes) was used as a blank standard. The results are generated in
the color system X, Y, Z.

The X, Y, and Z color data were converted to the decimal RGB color system using
the Color Slide Rule program, from this system, hue (HI), redness (RI), and saturation (SI)
color indices were obtained. Color indices were obtained with the following equations,
where R, G, and B, corresponding to red, green, and blue, respectively [28]:

HI = (2 × R − G − B)/(G − B); (1)

RI = R2/(B × G3); SI = (R − B)/(R + B). (2)

13



Atmosphere 2021, 12, 483

2.3. Mineralogy and Morphology of Road Dust Particles

XRD analyses were performed to identify minerals present in road dust. The particles
were placed on a silicon sample holder coated with silicone grease suitable for XRD;
subsequently, they were analyzed on a Siemens D-5000 diffractometer, Bragg-Brentano
Mode, with a monochromatic Cu tube (l = 1.5418 Å), a step time of 3 s, step size 0.02 degrees,
at 34 kV and 25 mA.

The shape, size, and composition of the particles were determined with a Philips ESEM
XL30 scanning electron microscope coupled with EDAX GENESIS with SiLi detector, 10 L,
204 Bt (SEM-EDS). The particles were mounted on a double-sided (0.5 cm2) carbon adhesive
tape attached to a sample holder. Then, the micrographs were obtained to determine the
size and the elemental composition of the particles by X-ray energy dispersion spectrometry
(EDS). A total of 10 samples were analyzed by XRD and SEM-EDS.

2.4. Data Analyses

The color groups visually identified with the Munsell table were validated in two
ways. The first using the color indices (HI, RI, and SI) as classification variables. The second
validation was carried out using potentially toxic element concentrations as classification
variables. For both, Statgraphic Plus 5.1 software was used [29].

The discriminant analysis was used to validate, or not, the formation of groups by
color. This type of multivariate statistical analysis also identifies the number of correctly
classified cases, as well as the variables that allow differentiating groups of objects. The
groups of the road dust samples formed by color using the Munsell table were used as
dependent variables or discriminant variables [6].

The medium concentrations of each potentially toxic element and major elements per
road dust color group were compared using the Kruskal–Wallis test, considering statistically
significant differences with p < 0.05, as it is the best method to compare populations where
there is no Gaussian distribution of the data. This test evaluates the hypothesis that the
medians of each group are equal, combines the data of all the groups, and orders them
from least to greatest, then calculates the average range for the data of each group [30].

3. Results

3.1. Formation of the Grouping of Road Dust Samples by Color

Five groups of road dust colors were identified: I, GB, greyish brown; II, G, gray;
III, DG, dark gray; IV, DGB, dark grayish brown; and V, VDG, very dark gray (Figure 2).
Group I that corresponds to the greyish brown road dust had higher RGB values than the
darkest color groups.

 

Figure 2. Grouping of road dust samples by color using the Munsell chart and with the average values in RGB.
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The comparison analysis of medians reveals that the formation of the five groups of
the road dust samples by color, using the Munsell table, as a discriminant variable and the
three-color indices (IH, IR, and IS) used as classification variables give a total of 93% of
correctly assigned cases, which validates the formation of these five groups of road dust
samples (Table 1).

Table 1. Congruence matrix between the color groups of road dust based on the Munsell color cards
(discriminant variable) and those groups formed based on the color indices (classification variables).

Current Color (Groups) n
Predicted Color

I II III IV V

I
17

16 1 0 0 0
(GB) 94% 6% 0% 0% 0%

II
32

1 31 0 0 0
(G) 3% 97% 0% 0% 0%
III

14
0 0 14 0 0

(DG) 0% 0% 100% 0% 0%
IV

12
0 2 1 9 0

(DGB) 0% 17% 8% 75% 0%
V

8
0 0 0 1 7

(VDG) 0% 0% 0% 13% 88%
Percentage of correctly classified cases: 93%. I, GB, greyish brown; II, G, gray; III, DG, dark gray; IV, DGB, dark
grayish brown; and V, VDG, very dark gray.

On the other hand, when presumably contaminating elements were used as dependent
or classification variables, the discriminant analysis had 47% correctly classified cases. The
very dark gray and greyish brown color samples reached 87.5% and 77.5% of correctly
assigned cases, respectively (Table 2). On the contrary, gray colors obtained the lowest
value of the percentage of correctly assigned cases. That is the formation of road dust
groups by color, and considering the concentration of presumably contaminating elements
makes sense only in the case of very dark gray and grayish brown groups.

Table 2. Congruence matrix between the color groups of road dust based (discriminant variables)
and those groups formed based on the presumably contaminating elements (classification variables).

Current Color (Groups) n
Predicted Color

I II III IV V

I
17

13 1 1 2 0
(GB) 76% 6% 6% 12% 0%

II
32

10 8 6 5 3
(G) 31% 25% 19% 16% 9%
III

14
0 5 6 1 2

(DG) 0% 36% 43% 7% 14%
IV

12
4 2 0 5 1

(DGB) 33% 17% 0% 42% 8%
V

8
0 0 1 0 7

(VDG) 0% 0% 13% 0% 88%
Percentage of correctly classified cases: 47%. I, GB, greyish brown; II, G, gray; III, DG, dark gray; IV, DGB, dark
grayish brown; and V, VDG, very dark gray.

3.2. Color Indices and Presumably Contaminating Elements by Color Groups of Road
Dust Samples

Figure 3 shows significant differences (p < 0.05) in HI, SI, and RI. HI and SI values
show a downward trend in groups I < II < III < V, only group IV does not follow the
sequence. The trend ranges from the lightest to the darkest. The RI allows differentiating
group IV, and it is the most blown group.

Potentially toxic element concentrations had significant differences with p values < 0.05),
except for the Rb that had p values < 0.1 (Figure 4). There is a tendency to increase po-
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tentially toxic element concentrations (Y, Cu, Zn, Pb, TiO2, and Fe2O3), according to the
darkest color groups, that is, a sequence of I < II < III < V (Figure 4). Only in the case
of Sr, road dust of group IV (dark grayish brown) reached the highest concentrations.
This group of road dust samples is different from the other groups, probably with very
different minerals.

Figure 3. Comparison of medians of color indices (HI, RI, SI) by groups of road dust. I, GB, greyish
brown; II, G, gray; III, DG, dark gray; IV, DGB, dark grayish brown; and V, VDG, very dark gray.
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Figure 4. Comparison of medians of presumably contaminating elements and oxides by groups of road dust. I, GB, greyish
brown; II, G, gray; III, DG, dark gray; IV, DGB, dark grayish brown; and V, VDG, very dark gray.
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The primary roads had higher concentrations of Cu, Ni, Pb, and Zn in the road dust
than the secondary and tertiary roads, as a consequence of the traffic of a greater number
of cars (Figure 5). On the contrary, major elements such as CaO dominate on tertiary roads
where fewer cars travel but where there is more dust of natural origin. Other elements as
Na2, K2O, MgO, MnO, Al2O3, and SiO2 did not show differences between types of roads.

 

Figure 5. Comparison of medians of presumably contaminating elements and oxides by road dust. Primary road, 1;
secondary roads, 2; tertiary roads, 3.
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The percentages of Fe2O3 and TiO2 in road dust were higher in primary roads because
these elements come from the wear and tear of cars and are also found in combustion fumes.

Calcite, quartz, ankerite, anorthoclase, and albite were the main minerals of road
dust (Figure 6). These minerals are generally white, colorless, and gray. In smaller quan-
tities, natural minerals were found such as hematite (red), goethite (brown), boehmite
(white), dikite (white), sanidine (white), tosidite (white, light yellow, light green), and
yeelimite (colorless).

Maghemite (black, blackish-brown) is a mineral of anthropogenic origin in road
dust [31–33] (Figure 6), it comes from car fumes, and which blackens dust. Maghemite
is also the mineral that gives the highest magnetic signal to road dust, a property widely
reported as a rapid diagnostic technique for heavy metals.

Figure 6. Major minerals in road dust with calcite and without calcite. A = albite, An = ankerite, At = anorthoclase,
B = boehmite, Ca = calcite, D = dickite, G = goethite, H = hematite, M = maghemite, Q = quartz, S = sanidine, T = tosudite,
Y = yeelimite.

Observations of the dust in the scanning electron microscope allowed the identification
of spherical and laminar particles, both of anthropogenic origin. The spherical ones from
the combustion of gasoline (Figure 7), and the laminar ones from car brakes.

The shape of the particles has been studied since the 1980s, to recognize the morphol-
ogy of magnetic particles of anthropic origin [34]. For those studies, it has been concluded
that spherical particles come from vehicle emissions, these are associated with the burning
of gasoline [35].

19



Atmosphere 2021, 12, 483

 

Figure 7. Anthropogenic particles in road dust.

4. Discussion

Previous studies conducted in Murcia, Spain [13] and Mexico City [14,36] reported
that dark-colored samples were those with the highest concentrations of presumably con-
taminating elements; however, in a study conducted in the city of Ensenada, Mexico [6] it
did not happen in the same way, in that case, the gray road dust was the most contaminated
with presumably contaminating elements. In the same way, in this study, the road dust of
groups IV and V were the darkest, but the dust of group IV was not the most contaminated.

The significant variability in the chemical and mineralogical properties of the soils
of the city of Mérida with soils of red, brown, black, and gray [25] may be the cause
of which not all dark soils in this study are the most contaminated with presumably
contaminating elements.

Dark colors in road dust can occur naturally by mixing with soils with high organic
matter content (fertilizers applied in gardens or with high humus contents) [25,37]. How-
ever, the dark color in road dust can also be acquired anthropically, by contamination with
magnetite and maghemite products from the use of fossil fuels in industries, homes, and
cars [36,38,39].

Smaller particles, such as carbon, magnetite, and maghemite nanoparticles produced
in car smoke that are black, can have a profound effect on the color of road dust, despite
not being the dominant particles in quantity or weight [40].

Rock magnetism techniques, such as magnetic susceptibility, have been used to discern
whether the dark color is from anthropic contamination (high values) or due to natural
causes (low values) resulting from organic matter [2,8,39–41].

On the other hand, with the idea of establishing a system for monitoring potentially
toxic elements in road dust in the city of Mérida, it is recommended to make a color
chart of road dust with the results of this work to be used in future road dust sampling.
Although there are other more precise tools to measure the color of road dust, such as
colorimeters in mobile equipment and digital cameras [6,28] and other color measurement
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systems [14,41–43], there will be nothing less expensive than a simple color chart especially
designed for the road dust of each city.

With this technique of grouping road dust samples by color it will now be possible to
implement a monitoring system in cities, many samples (hundreds or thousands) can be
taken and then selected, by color, road dust samples to which will be analyzed presumably
contaminating elements. In other words, it is necessary to go from the elaboration of
isolated and punctual diagnoses to the instrumentation of a true monitoring system.

The measurement of color by comparison with a color chart of road dust made
especially for each city would allow people to use it to assess the degree of potentially toxic
element contamination of road dust inside their homes, and thus make decisions to reduce
the risk of harm to health [44].

5. Conclusions

The five colors of road dust samples from the city of Mérida, Mexico, can be used as a
guide to discard or select samples contaminated with presumably contaminating elements
and oxides of Ti and Fe. That is, the color of road dust can be used as a proxy technique.

We conclude that there is low contamination by presumably contaminating elements,
and oxides in both road dust samples of greyish brown (I) and dark grayish brown (IV)
colors; medium contamination in gray (II) road dust samples; and high pollution in road
dust samples with dark gray (III) and very dark gray (V) colors. Therefore, for monitoring
the contamination of presumably contaminating elements in road dust, both samples of
greyish brown and dark grayish brown colors can be discarded from the chemical analysis.

Munsell color charts and color indices (IH and IS) can be used as proxy indicators for
samples of dust contaminated with metals such as lead, zinc, and copper.

The contamination is in descending order in the primary, secondary and tertiary roads.
A strategy to avoid damage to health from road dust should begin by cleaning primary
roads and areas with dark gray and very dark gray-colored dust.
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Abstract: In the current paper, the analysis of heavy mineral concentrate (Schlich analysis) was used
to study the particles of technogenic origin in the samples of urban surface-deposited sediments
(USDS). The USDS samples were collected in the residential areas of 10 Russian cities located in
different economic, climatic, and geological zones: Ufa, Perm, Tyumen, Chelyabinsk, Nizhny Tagil,
Magnitogorsk, Nizhny Novgorod, Rostov-on-Don, Murmansk, and Ekaterinburg. The number of
technogenic particles was determined in the coarse particle size fractions of 0.1–0.25 and 0.25–1 mm.
The types of technogenic particle were studied by scanning electron microscopy (SEM) analysis. The
amount of technogenic material differed from city to city; the fraction of technogenic particles in the
samples varied in the range from 0.01 to 0.43 with an average value of 0.18. The technogenic particles
in USDS samples were represented by lithoid and granulated slag, iron and silicate microspheres,
fragments of brick, paint, glass, plaster, and other household waste. Various types of technogenic
particle differed in morphological characteristics as well as in chemical composition. The novelty
and significance of the study comprises the following: it has been shown that technogenic particles
are contained in a significant part of the USDS; the quantitative indicators of the accumulation of
technogenic particles in the urban landscape have been determined; the contributions of various
types of particles to the total amount of technogenic material were estimated for the urban landscape;
the trends in the transformation of typomorphic elemental associations in the urban sediments
associated with the material of technogenic origin were demonstrated; and the alteration trends in the
USDS microelemental content were revealed, taking into account the impurities in the composition
of technogenic particles.

Keywords: urban environment; residential area; urban surface deposited sediments; road dust;
technogenic particles; slag; spherules; microplastic; plaster

1. Introduction

Sediment deposition in the urban area reduces the environmental quality, and affects
health, aesthetics, economics, and other aspects of city life [1]. The constant sediment
supply increases the costs of municipal services and cleaning the territories, as well as dete-
riorating urban infrastructure facilities [2–6]. The deposited loose sedimentary materials
silt stormwater systems, compact urban soils, decrease the fertility of the topsoil, etc. [7–10].
The deposited solid matter on streets and sidewalks increases the wear and tear of ve-
hicles [7–13]. Dust deposition in electrical equipment may cause outages on electricity
lines [14].

Coarse sand material of road-deposited sediments is about 50% of road-deposited
sediments mass [15]. The coarse particles of anthropogenic origin may contain toxic heavy
metals [16–20]. The large size fraction material of road-deposited sediments (>100 μm)
contains the mass of heavy metals within particulate matter similar to the fine fractions [21].
The coarse particles are involved in the transport of heavy metal pollution from roads
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to stormwater drains, and they absorb pollutants and may release them during rainy
periods [6,15].

The local surface geochemical traps in an urban environment representing sediment
of the depressed areas of microrelief (in other words, surface dirt sediment) were chosen
as the main object of the study. This environmental component is deposited on various
surfaces forming the upper part of the cultural layer on the territory of the city. The
sediments participate in the processes of migration and accumulation of pollutants and
particulate matter.

Sediments are formed as a result of the natural processes of the weathering of the
material of building constructions, pavements, and roads under freezing and thawing in
the presence of moisture, soil, and ground erosion under the influence of surface stormwa-
ter runoff, and atmospheric dust deposition. The material of the excavated ground, the
products of road surface abrasion by passing parking cars, and household waste also
contribute to the formation of the particulate materials of the urban sediment. The accumu-
lation of sediments significantly increases under bad cleaning conditions and poor urban
management and landscaping [1,16].

USDS (urban surface-deposited sediments) is a common term characterizing the
various types of loose sediment formed as a result of weathering, erosion, and destruction
of soils, pavements, and construction in the urban environment, which is deposited in
depressed areas as a result of surface runoff of relief [22–24]. The solid material of the USDS
is composed of the particles of soil, sand, peat, dust, and small debris [25]. The formation
of sediments occurs within the urban area where the various surfaces and buildings are
constructed in different years and decades [18,19]. The thickness of the sediments varies
within the area of the quarter and landscape functional zones and is on average 5 cm. The
content of pollutants in the sediments characterizes the pollution of the area from which
the sediment was accumulated [25].

The sediment includes the particles of natural and anthropogenic origin. In the urban
environment, about 60% of the sediment is represented by the material of bedrock, as well
as organic material [26]. Many authors have shown that ash, slag, and metal particles of
various shapes and composition, metal, wear products of vehicles and other mechanisms,
small household waste, as well as microplastics can be found in the composition of various
types of surface sediments in an urban environment [7,11,15–18,26–28]. Organic objects
in the urban surface sediment may include bacteria and viruses [29]. The technogenic
material produced by the road traffic and found along the roads mainly consists of magnetic
particles, which can be the products of motor vehicles: angular and spherical iron-oxides,
tungsten-rich particles, and sodium chloride, with a size of about 100 μm [30].

The studies of the technogenic phase in USDS and dust in the urban environment are
mainly focused on the effect of traffic on the content of particles <100 microns in size [31], in
particular smaller PM2–PM10 particles due to their greatest environmental hazard and the
largest accession for wind transfer and inhalation by humans [21,32,33]. Larger particles
are less studied, however, and they can also hold fine dust particles on their surfaces due to
electrostatic charge. Solid material from non-exhaust emissions as well as coarse material
from roadway destruction, pavement abrasion, and vehicle parts are less studied [31,34].
Such loose material may be as well transferred by the wind several tens of meters away
from the roadway.

Particles are redistributed between the various landscape zones by stormwater runoff,
may participate in the urban sedimentary cascade entering the water bodies, and form
material of bottom sediments of lakes, rivers, and estuaries [35–39]. The particles may
adsorb pollutants, bacteria, and viruses. Contemporary USDS in the city is a good collector
of pollutants and material of different origins, including non-point sources of pollution.

Road traffic is one of the main sources of technogenic material [30,40,41] such as the
particles of wear of tires, brake pads, and road abrasion products. Tire wear products con-
tribute the most part of anthropogenic material in road dust, galley sediments, pavement
dust, car park dust, and roadside soils and snow. Anthropogenic material from vehicles is
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represented by magnetic particles including spherules and slag, comprising the particles of
about 100 μm size [30,32,42]. Smelters and coal-fired power plants also represent significant
sources of anthropogenic solid material in cities, forming non-point sources of pollution,
such as fly ash [17,43–45].

Thus, the identification of sources of anthropogenic material, the content of techno-
genic materials, and the assessment of the amount and types of anthropogenic particles in
different parts of the landscape are among the significant environmental issues in an urban
environment.

While the environmental role of the USDS in modern cities had been demonstrated
in the previous studies involving such characteristics as pollution with the heavy met-
als [22,24,25,46] and the contribution of the dust fraction [23], this study has been focused
on the technogenic particles in the urban environment. The objectives of the study were: (1)
the identification of particles of the anthropogenic origin found in the urban environment
compartments; (2) the classification and characterization of the morphological features of
technogenic particles; (3) the assessment of the amount of technogenic material in urban
surface deposited sediments; and (4) in an urban environment; and (5) the characteriza-
tion of cities according to the amount of technogenic material in the contemporary urban
surface sediments.

2. Materials and Methods

2.1. The Description of the Studied Cities

The USDS sample collection program was performed in 10 Russian cities located in
different climatic and industrial zones, in the territories with different geological structure
(Figure 1) [47]: Ufa, Perm, Tyumen, Chelyabinsk, Nizhny Tagil, Magnitogorsk, Nizhny
Novgorod, Rostov-on-Don, Murmansk, and Ekaterinburg. The chosen cities have a high
automobile traffic load, >250 cars per 1000 people, and high density of population.

 

Figure 1. The location of the cities on the map of Russia where the collection of samples of urban
surface deposited sediments was performed.

The significant development of urbanization in the cities occurred in the second half
of the 20th century. The descriptions of the surveyed cities are represented in Table 1.
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Table 1. The description of the surveyed cities.

City, Population, Million
People/Cars per 1000

People/City Area (km2)

Geographic and Climatic
Zone, Average

Temperature, ◦C,
Jan/Jul

Geological Features [47] Main Industries

Ufa, 1.1/278/707.9
Forest-steppe zone,

temperate continental
climate, −12.4/19.7

Volga-Ural Anteclise, Verkhnekamsk basin; gypsum,
anhydrite, sandstone, marl, siltstone, dolomite,
Pre-Jurassic limestones; alluvium, colluvium,

diluvium, sandstones, sandy loams, loams, Upper
Pliocene and Holocene clays.

Oil processing, oil
chemical industry,

machinery

Perm, 1.007/237/803
Forest zone, temperate

continental climate,
−12.8/18.6

East of the European part of Russia, banks of the Kama
River. Pre-Ural geomorphological zone, Kungurian

stage, Irvinskaya and Fillipovskaya formations of the
Pre-Jurassic: gypsum, sandstone, limestones,

dolomites, marls; clays, loam and sandy loam of
Holocene alluvial, eluvial and diluvial sediments.

Electric power industry,
oil and gas processing,

machinery, chemistry and
petrochemistry,
woodworking.

Tyumen, 0.77/363/698.5

Western Siberia, forest taiga
zone with waterlogged

areas, temperate continental
climate, −15/18.8

West Siberian plain, Tyumen downwarp; diorites and
gabbros of the Pre-Jurassicformations; loams, clays,
silts and lake-alluvium of the Upper Pliocene and

Holocene.

Oil processing, gas-fired
power plants

Chelyabinsk, 1.2/269/530

The South Urals,
forest-steppe zone,
temperate climate,

−14.1/19.3

East Urals uplift and West Side of West Siberian plate;
granites, diorites, coals, limestones, sandstones,

dolomitic limestones of the Pre-Jurassic formations;
sands, siltstones, loams, alluvial sediments of

floodplain terraces, pebbles, gravels, and
eluvial-diluvial sediments of the Upper Pliocene and

Holocene.

Ferrous and non-ferrous
metallurgy, chemical
industry, machinery,

coal-fired power plants

Nizhniy Tagil,
0.36/240/297.5

The Middle Urals,
mountain-forest zone,
temperate continental

climate, −14.5/17.8

Middle Urals, Tagil megazone; harzburgites,
serpentinites, basalts, green schists, mica-quartz and
graphite-quartz schists, diorites, gabbros, andesites,
dacites of the Pre-Jurassic formations; eluvial and

diluvial sediments, clays, sandy loams, alluvial
sediments of floodplain terraces, pebbles, sands, and

loams of the Upper Pliocene and Holocene.

Ferrous and nonferous
metallurgy, coking,

machinery, chemical
industry, production of

building materials

Magnitogorsk,
0.42/297/392.4

The South Urals, steppe
zone, harsh continental

climate, −14.1/19.2

South Urals, West Magnitogorsk zone; trachibasalts,
trachiriolites, basalts, andesites, rhyodacites, lavas, and

clastolavas of the Prejurasic formations; alluvial
sediments of floodplains, clays, sands, peat, diluvial

sediments, eluvial-diluvial sediments, and limes of the
Upper Pliocene and Holocene.

Ferrous metallurgy, metal
processing, gas-fired

power plant

Nizhniy Novgorod,
1.3/276/460

Broad-leaved forests, mixed
forests and taiga zone,

humid continental climate,
−8.9/19.4

Volga-Ural Anteclise, Pre-Quarternary clays with
interbeds of siltstone, sand with gravel of sedimentary
rocks, siltstone, loam, marl, gypsum, limestones, and

dolomites; alluvial sediments, sands with gravel, loam,
clay, eluvial and solifluction formations, sand, eluvial

and diluvial Holocene formations.

Machinery, river shipping

Rostov-on-Don,
1.1/285/354

Steppe zone, temperate
continental climate,

−3/23.4

East European plate, Rostov ledge; sands, clays, gravel,
and pebbles of the Lower Pliocene;limestones, shells,
siltstones, and marls of the Upper Miocene; alluvium
floodplain terraces, sands, pebbles, loams, sandy loam,
eluvial and proluvial sediments of the Upper Pliocene

and Holocene.

Machinery, river
shipping, food industry

Murmansk,
303.8/321/154.4

Arctic tundra zone,
atlantic-arctic temperate

climate, −10.1/12.8

Murmansk megablock represented by Archean
granitoids. Pyroxene diorites, tonalites-plagiogranites,
magmatite-plagiogranite amphibole, metamorphosed

gabbros, diorites, granites, gneisses, biotite
amphibolites, magnetite quartzites of the Pre-Jurassic.
Declivial marine sediments: sandy silts, mixed-grained

sands.

Machinery, shipping,
metalworking, food

industry, coal-fired power
plant

Ekaterinburg,
1.387/302/486

The Middle Urals, forest
zone, temperate continental

climate, −12.6/19

Middle Urals, low mountains and hilly plains along
the Iset River. Serpentinites, granites, gabbro, diorites,

tuffs, tuff sandstones, siliceous and
carbonaceous-siliceous shale, quartzite of the

Pre-Jurassic; eluvial and diluvial sediments, clays,
loams, alluvial sediments of floodplain terraces of the

Holocene.

Metal processing,
machinery, gas-fired

power plant
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2.2. Sample Collection

The USDS samples were collected on an irregular grid of at least 40 sampling sites in
each city. The sampling site represents the courtyard area of the residential quarter with
multi-story buildings. Each sample was taken from the local depressions of the microrelief
from 3–5 localizations on the territory of the courtyard space of the quarter. The sample
collection procedure was described in detail in previously published papers [22,25,46].
The sample mass was 1–1.5 kg. During the sample collection process, a questionnaire
was filled for each sampling site containing information about the conditions of sediment
formation, their thickness, the approximate area of the quarter, the proportion of landscaped
functional zones, sidewalks, parking lots in the quarter, the quality of cleaning, carrying
out construction work, and the approximate time of development of the territory.

2.3. Particle Size Analysis

Large roots, stones, debris, and foreign inclusions (glass, plastic, etc.) were removed
from the samples. The samples were dried at room temperature. The dried sample was
crushed manually using a rubber-tipped pestle, and thoroughly mixed. A representative
subsample of about 200 g for particle size analysis was taken from each sample by quar-
tering. To conduct particle size analysis, at least 5 samples were randomly chosen from
40 samples collected in each city.

The special separation procedure was used to determine the granulometric composi-
tion and to obtain the solid material of the various particle size fractions of the samples.
The technique based on decantation and wet sieving of the material of subsample of 200 g
was earlier described in detail by Seleznev and Rudakov [46]. The subsample of 200 g was
fractionated into 6 granulometric subsamples with sizes: >1 mm, 0.25–1 mm, 0.1–0.25 mm,
0.05–0.1 mm, 0.01–0.05 mm, and 0.002–0.01 mm. The resulting granulometric subsamples
were weighed. The mass fraction of each particle size fraction in the sediment sample
was calculated.

2.4. Mineral Analysis

The analysis of the heavy mineral concentrate (Schlich analysis) of sediment was
used to determine the particles of technogenic origin. Manual analysis was performed
for 0.1–0.25 and 0.25–1 mm granulometric subsamples. The fraction of anthropogenic
particles was calculated in 0.1–0.25 and 0.25–1 mm fractions. The analytical procedure is
described below.

The solid material of the studied granulometric subsample was poured on paper
and thoroughly mixed. Then a cone pile was formed from the poured loose material.
After that, the material was flattened into a disk 1–2 mm thick. This disk was divided
radially into quarters; two opposite quarters were taken for the further analysis of the
subsample and the other two were discarded. Such a procedure of quartering and reducing
the volume of the material of the granulometric subsample was repeated multiple times
until the subsample of the desired weight or volume was obtained. The final volume of the
quartered granulometric subsample was approximately 15 mL. Using a blade, the quartered
granulometric subsample was distributed on the slide in three parallel lines. To identify
and count particles, the lines were formed narrow and sparse. All manipulations with the
grain mounts were conducted manually using the binocular microscope. Manipulation
with the cone, disk, and the lines of particles, as well as quartering was performed using a
wooden stick or copper needle.

The identification of the technogenic particles was carried out by morphology, struc-
ture, color, density, optical and physical properties (shape and crystal habitus, splinters,
fracture, transparency, luster, elasticity, and hardness). Each particle was photographed
using a Carl Zeiss Axioplan 2 optical microscope and binocular microscope equipped
with an Olympus C-5060 camera. The size of particles was determined by a calibrated
stage/objective micrometer (1 mm divided into 100 units) measurement scale of the optical
microscope and its software.
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All the particles of the quartered subsample were distributed by type; the fraction of
particles of each type was counted.

After quartering and heavy mineral concentrate analysis 2–5 visually typical particles
were selected from the part of granulometric subsample attributed to the technogenic
phase. These particles were analyzed with a JEOLJSM-6390LV scanning electron micro-
scope equipped with Oxford Instruments INCAEnergy 350 X-Max 50 energy-dispersive
spectrometer. At least one image was obtained from the surface of each selected particle.
The homogeneity of the chemical composition of the particle surface was identified visually
by the color of the image. At least one spectrum of elemental composition was determined
for a particle with a flat surface, characterizing its uniform composition. For particles
with a concave or convex surface at least two spectra of elemental composition were taken
from the surface (in the center of the surface and at its peripheral). For particles with
visually different chemical compositions (different shades of gray in the image), at least one
spectrum in each light area was taken. For particles with inclusions at least one spectrum
was taken on each inclusion, and the linear size of the inclusion was measured. Similarly,
at least one spectrum was taken on each area of the external contamination of particles (if
it was present). Optical analysis, photography, and scanning electron microscopy (SEM)
were carried out in the “Geoanalyst” Center for Collective Use at the Institute of Geology
and Geochemistry of the Ural Branch of the Russian Academy of Sciences.

The origin of the particles (technogenic or natural) was finally determined accord-
ing to the results of their visual analysis (color, luster, morphology, and size) and SEM
investigations (surface morphology and chemical composition).

3. Results

The number of USDS samples collected in the cities and analyzed fortechnogenic
phase is shown in Table 2. The analysis of heavy mineral concentrate was performed in
85 granulometric subsamples of 0.1–0.25 mm and 80 subsamples of 0.25–1 mm in size. For
the particle size fraction of 0.1–0.25 mm, 11,985 particles were analyzed with the optical
method, and 2306 of them were visually identified as technogenic. For subsamples of
0.25–1 mm in size, 10678 particles were inspected with a binocular microscope, of which
1409 particles were attributed to the technogenic phase.

Table 2. The number of urban surface-deposited sediment (USDS) samples collected in the cities and analyzed for
technogenic phase.

City
Number of Samples for
Particle Size Analysis

Number of Obtained Particle Size Subsamples, in Which
Technogenic Particles Were Selected *

Fraction 0.1–0.25 mm Fraction 0.25–1 mm

Ekaterinburg 6 5 6
Magnitogorsk 10 10 10

Murmansk 10 10 10
Nizhniy Novgorod 8 8 7

Nizhniy Tagil 11 11 11
Perm 5 5 3

Rostov-on-Don 9 7 9
Tyumen 7 7 5

Ufa 12 12 10
Chelyabinsk 10 10 9

* The subsample was quartered.

The statistical parameters of the fractional distribution of technogenic particles in
the surveyed cities in particle size fractions of 0.1–0.25, 0.25–1, and combined fraction of
0.1–1 mm are shown in Figures 2 and 3.
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Figure 2. The proportion of technogenic particles in the cities in the particle size fraction of 0.1–1 mm
(SE—standard error).

(a) 

Figure 3. Cont.
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(b) 

Figure 3. The proportion of technogenic particles in the cities: (a) in the particle size fraction of
0.1–0.25 mm, (b) in the particle size fraction of 0.25–1 mm (SE—standard error).

The additional parameters of distribution (kurtosis, skewness, and the coefficient of
variation) of the proportion of technogenic particles in particle size fractions in cities are
represented in Tables 3 and 4. The type of distribution of the proportion of technogenic
particles in the samples for all cities and fractions is close to unimodal and lognormal.
The proportion of technogenic fraction in the samples varies in the range from 0.01 to
0.43, the average value is 0.18. The average coefficient of variation (CV) of the portion of
technogenic phase equal to 38% exhibits a wide range of data on the amount of technogenic
phases in coarse particle size fraction of the USDS samples. The values of skewness are
insignificant, and kurtosis is positive. The values of CV >20% were found in particle
size fractions of 0.1–0.25, 0.25–1, and 0.1–1 mm in all cities besides Nizhny Novgorod,
Murmansk, and Ekaterinburg.

When analyzing the individual particle size fractions of 0.1–0.25 and 0.25–1 mm
(Table 3) and combined fraction of 0.1–1 mm by the cities (Table 4), the proportion of
technogenic fraction exceeds 20% for all cities except Nizhny Novgorod, Murmansk and
Ekaterinburg. The maximum proportion of the technogenic fraction equal to 0.43 is ob-
served in Rostov-on-Don in the 0.1–0.25 mm fraction. The minimal portion was found in
the 0.25–1 mm fraction in Tyumen. The amount of technogenic particles in granulometric
fractions of 0.1–0.25 and 0.25–1 as well as in the combined fraction 0.1–1 mm varies signifi-
cantly between different cities. The largest proportion of technogenic material was found
in the USDS samples in Rostov-on-Don, Nizhniy Novgorod, and Ekaterinburg. The param-
eters of the distribution of portion of technogenic phase in urban areas in the combined
particle size fraction of 0.1–1 mm are as follows: arithmetic mean 0.18, geometric mean
0.16, median 0.19, min–max 0.01–0.43, SD 0.07, CI (-/+) 0.06/0.08, CV 38.52 %, skewness
0.21, and kurtosis 1.23.
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Table 3. The additional parameters of distribution of the proportion of technogenic particles in particle size fractions of
0.1–0.25 and 0.25–1 mm in cities.

City Particle Size Fraction, mm Kurtosis Skewness Coefficient of Variation, % Min/Max

Tyumen 0.1–0.25 −0.79 −0.87 19.01 0.09/0.15
0.25–1 4.51 2.09 129.91 0.01/0.31

Magnitogorsk 0.1–0.25 0.30 1.08 11.94 0.21/0.29
0.25–1 −1.11 −0.62 41.88 0.04/0.2

Perm
0.1–0.25 0.90 0.97 6.61 0.09/0.11
0.25–1 0.00 1.24 53.83 0.04/0.11

Chelyabinsk 0.1–0.25 5.41 2.10 18.12 0.2/0.36
0.25–1 0.40 −0.72 32.88 0.04/0.14

Ufa
0.1–0.25 1.18 −0.94 19.11 0.1/0.23
0.25–1 0.82 0.76 46.81 0.04/0.24

Nizhniy Tagil 0.1–0.25 0.04 0.93 24.75 0.15/0.31
0.25–1 −1.23 −0.09 37.83 0.06/0.22

Rostov-on-Don
0.1–0.25 −0.80 1.22 39.36 0.19/0.43
0.25–1 −1.19 0.29 9.33 0.17/0.23

Nizhniy Novgorod 0.1–0.25 1.12 −1.37 11.72 0.15/0.22
0.25–1 0.80 −1.30 8.18 0.19/0.24

Murmansk
0.1–0.25 0.02 −0.62 11.66 0.12/0.18
0.25–1 3.25 1.38 6.85 0.17/0.21

Ekaterinburg 0.1–0.25 −2.01 −0.40 6.75 0.2/0.24
0.25–1 −2.52 0.15 4.82 0.23/0.25

Table 4. The additional parameters of distribution of the proportion of technogenic particles in particle size fraction of 0.1–1
mm in cities.

City Curtosis Skewness Coefficient of Variation, % Min/Max

Tyumen 3.40 1.40 69.04 0.01/0.31
Magnitogorsk 0.15 −0.78 35.91 0.04/0.29

Perm 0.67 −1.38 29.70 0.04/0.11
Chelyabinsk −0.52 0.22 47.70 0.04/0.36

Ufa −0.73 −0.41 35.72 0.04/0.24
Nizhniy Tagil 0.25 0.18 35.57 0.06/0.31

Rostov-on-Don 4.38 2.33 32.83 0.17/0.43
Nizhniy Novgorod 0.93 −0.97 11.65 0.15/0.24

Murmansk 0.37 −0.36 13.52 0.12/0.21
Ekaterinburg −0.04 −0.43 6.94 0.2/0.25

According to SEM analysis, the studied technogenic particles were divided into types
presented in Table 5.

Table 6 shows the morphological features of the various types of particles. Totally
464 particles were analyzed by SEM. The number of particles investigated by cities was:
Ekaterinburg 151, Magnitogorsk 22, Murmansk 31, Nizhny Novgorod 127, Nizhny Tagil
30, Rostov-on-Don 71, Tyumen 22, Ufa 9, and Chelyabinsk 1. The chemical composition of
the surfaces of various types of particles (without inclusions) is shown in Table 5 as well.
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Table 5. The chemical composition of the surfaces of various types of particles without inclusions according to scanning
electron microscopy (SEM) analysis.

Type of Particle Elements Composition, Mass Portion of Element, %

Lithoid slag major O (31%), Si (21%), C (15%), Fe (10%), Ca (9%), Al (6%),
impurities Mg (3%), Na (3%), K (2%)

Granulated slag major O (39%), Si (18%), Fe (15%), Ca (9%),
impurities Mg (4%), Al (4%), C (2%), Ti (1%), S (1%), K (1%)

Iron microsphere (magnetic) major Fe (69%), O (24%),
impurities Si (2%), Ca (1%)

Silicate microsphere major O (39%), Si (23%), Ca (12%), Fe (8%), Mg (5%),
impurities Al (4%), Na (2%), Cu (2%)

Brick
major O (35%), Si (22%), Fe (17%), Ca (11%),

impurities K (3%), Al (3%), Na (2%), Ti (2%), C (2%)

Paint
major O (39%), Ca (15%), Fe (14%), Si (13%), Pb (5%),

impurities Ti (4%), Mg (3%), Al (3%), K (1%), C (1%), Cr (1%)

Glass
major O (35%), Si (28%), Fe (9%), Ca (8%),

impurities Al (4%), Cu (3%), Mg (2%), Na (2%), K (1%), Cr (1%)

Plaster fragment major O (36%), Ca (29%), Si (11%), Fe (6%), C (6%),
impurities Mg (3%), Al (3%), Na (1%), S (1%), K (1%), Cr (1%)

White-coated plaster major Ti (46%), O (18%), Ca (15%), Cu (11%),
impurities Ba (3%), Fe (1%), Al (1%), S (1%)

Paint coated plaster major Ca (55%), O (30%),
impurities Si (3%), Ti (3%), C (3%), Fe (2%), Al (1%), Pb (1%)

Table 6. Morphological features of types of technogenic particles in the studied cities.

Type of Particle Morphological Features Size, mm Possible Origin

Granulated slag

Glassy structure, shell-like breakage, poorly
rounded, black, dark brown, dark green, grey,

light yellow or colorless, transparent or
translucent

0.3–1 Metallurgy

Lithoid (stone-like) slag
Stone-shaped particles, with a porous structure,
crystallized, medium rounded, grey, dark brown,

dark green, translucent or opaque
0.3–1 Metallurgy

Iron microsphere
(magnetic)

Spheres, with a smooth or polygonal textured
surface, steel-grey, often with thin films of iron

oxides, opaque
0.1–1 Metallurgy

Silicate microsphere

Spheres, sometimes slightly flattened or
deformed; the surface is corroded, with cavities
and visible cracks; black, dark brown; opaque or
colorless translucent with a strong glassy luster

0.45–1 Combustion of high
ash raw material

Brick
Well or completely rounded debris (quartz, clay
material, whitewash); red-brown, dark red with

inclusions, opaque
0.5–1 Construction materials

Plaster Thin, flattened particles, highly fragile; light grey,
white, opaque, matt 0.5–0.8 Construction materials

Glass Glassy, poorly or perfectly rounded; colorless,
yellow, blue, green, transparent 0.5–1 Household waste

Paint Thin, flattened, elastic particles; yellow, red, blue,
green, with a matt or shiny surface 0.25–1 Construction materials

Car tires Smooth particles, high elasticity; black, opaque,
matt 200–1000 Automobile

nonexhaust emissions

The distribution of different types of technogenic particle in urban areas in the 0.1–1
mm grain size fraction and 0.1–0.25 and 0.25–1 mm fractions are shown in Figures 4–6.
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Figure 4. Distribution of the amount of different types of technogenic particle in the cities in the granulometric fraction of
0.1–1 mm.

Figure 5. Distribution of the amount of different types of technogenic particle in the cities in the granulometric fraction of
0.1–0.25 mm.
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Figure 6. Distribution of the amount of different types of technogenic particle in the cities in the granulometric fraction of
0.25–1 mm.

4. Discussion

The USDS samples were collected in 10 large cities located in different geographic and
climatic zones, and in territories with different geological setting, anthropogenic pressure,
and economy. The research was carried out according to the uniform methodology in all
the studied cities. A part of the obtained particle size subsamples of 0.1–0.25 and 0.25–1 mm
in size did not have enough material to conduct the analysis of heavy mineral concentrate,
thus these subsamples were rejected from the technogenic particle investigations. In
the cities of Perm, Ekaterinburg, and Tyumen a smaller number of USDS samples were
collected, thus a correspondingly smaller number of subsamples for the analysis of heavy
mineral concentrate were selected. Such a homogeneous distribution of the USDS sample
amount and particle size subsamples did not affect the results of the analysis of heavy
mineral concentrate and was suitable for the current study.

The total number of the studied samples is sufficient to assess the contribution of the
technogenic component to the USDS solid coarse fractions of 0.1–0.25 and 0.25–1 mm in
size. According to the visual mineral analysis, 19% and 13% of particles were characterized
as technogenic in particle size fractions of 0.1–0.25 and 0.25–1 mm, respectively. The rest of
the particles is represented by the mineral and natural organic fragments.

The proportion of technogenic particles differs from city to city. The largest portion
of anthropogenic particles in the USDS coarse fraction was found in Rostov-on-Don,
Ekaterinburg, Nizhny Novgorod, Nizhny Tagil, and Magnitogorsk. The high proportion of
technogenic particles in these four cities is apparently related to the ferrous metallurgy and
mechanical engineering industries. The city of Rostov-on-Don is the most southern of the
surveyed cities. According to previous studies, the city has the highest accumulation of
dust and USDS due to the arid climate and bad cleaning and management of the urban
environment [1,22]. The lower amount of the anthropogenic coarse material was found
in Perm and Tyumen. Tyumen is one of the least-polluted cities in Russia, although it has
a slightly large number of cars per capita in comparison with other cities [22]. It should
be noted that for all cities the proportion of technogenic phase in the combined fraction
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of 0.1–1 mm will be consistent with the proportions of the anthropogenic material in the
separate fractions of 0.1–0.25 and 0.25–1 mm (Figure 4).

The ratio between the number of technogenic particles visually identified and the
total amount of particles in the granulometric subsamples may be used to roughly estimate
an error in determining the number of technogenic particles by visual inspection (for
subsamples of 0.1–0.25 and 0.25–1 mm, 19% and 13%, respectively).

The SEM-EDS (energy-dispersive spectroscopy) technique allows us to analyze the
surface of the particle and determine its chemical composition. Thus this method of
analysis is more reliable for the determination of particle type than visual diagnostics.
Visual inspection depends on the qualification, physical abilities, and experience of the
operator. Therefore, optical methods of research do not fully guarantee the reliability
of determination of the particle type. Fully reliable determination of the particle type
by its visual features is unattainable and is not required. However, the combination of
methods of analysis of heavy mineral concentrate and visual diagnostics is a suitable and
easy technically realized procedure to discriminate technogenic particles in comparison
with SEM-EDS analysis that requires the investigator to have skills in electron microscopy.
At the same time, the analysis of heavy mineral concentrate provides the search of the
required particles among the big amount of the similar objects and a rough estimation of
the quantity of the objects of interest.

Various types of technogenic particles differ in shape and physical characteristics
as well as in chemical composition. The major elements forming the composition of the
particle core were O, Si, Fe, Al, Ca, Ti, etc. The minor elements found on the surfaces
of the particles and forming the impurities were Mg, K, Cu, Na, etc. In many cases,
impurity elements contribute to the environmental pollution, in particular, the composition
of various particles of plaster coated with paint and whitewash includes Pb, Cu, and Cr.

The separate group of the cities of the Ural region with a metallurgical industry
(Nizhny Tagil, Chelyabinsk, and Magnitogorsk) can be distinguished among the studied
cities. Each city in this group has a large metallurgical plant, coking, and coal power
plants. The number of technogenic particles does not differ significantly both in fractions of
0.1–0.25 and 0.25–1 mm separately and in the combined particle size fraction of 0.1–1 mm
in these cities. According to the results of previous studies [46], the anthropogenic material
in the form of slag is used in such cities as a building material, for example, instead of
sand and stone in pavement and road construction in residential areas. There is also a coal
power plant in Murmansk. It can be assumed that in the group of four cities, technogenic
particles, in particular slag, can enter the USDS material with emissions from power plants
and smelters.

All the studied cities have a high automobile traffic network, as well as road construc-
tion works being underway. The technogenic components (especially fly ash) are often
used as construction materials or backfill materials on pavements. Such material can be
transferred into the USDS by the wheels of vehicles in the residential area. In general, the
amount of technogenic material is comparable to the data obtained for other cities [15].

The distribution of the proportion of technogenic particles in the samples deviates
from the normal and is close to lognormal and asymmetric. Several studies conclude that
the lognormal distribution of elemental concentrations in environmental compartments or
close to it relates to additional anthropogenic input of the elements [48–50]. In our study,
the conclusion about the distribution of the proportion of anthropogenic particles in the
studied samples close to lognormal was expected; however, it is important to take into
account the uncertainty of information about the source of technogenic particles in the
urban environment. The coefficient of variation of the portion of anthropogenic particles
also confirms the fact of the heterogeneity of the sample populations in the studied cities.

The analysis of the technogenic phase composition of USDS samples in the combined
fraction of 0.1–1 mm shows that slag particles predominate in all cities and, besides, a
large amount of domestic wastes (glass), the particles of construction materials (plaster and
brick), and to a lesser extent paint particles, are observed. The analysis of the distribution of
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the number of technogenic particles in fractions of 0.25–1 and 0.1–0.25 in combination with
the results of analysis of heavy mineral concentrate allows concluding that technogenic
particles in finer fraction of 0.1–0.25 mm may be the result of the destruction of larger
particles from particle size fraction of 0.25–1 mm.

The individual particle size subsamples reveal the features of the cities that may be
related to the contribution of the studied types of technogenic particle to the city pollution.
For example, the granulometric fraction of 0.25–1 mm in Tyumen contains about 10%
of coal, which indicates the presence of local coal-fired boilers in addition to the main
stationary gas-fired power plants in the city. Moreover, the residential neighborhoods with
multi-story buildings in Tyumen are adjacent to low-rise wooden buildings, where heating
is provided from coal combustion [51]. Tyumen also has approximately 8% of tire material
in fraction of 0.25–1 mm, indicating a high number of cars per capita (higher than in other
cities). In Murmansk, with a coal cargo port located within the city center, about 7% of coal
is found in particle size fraction of 0.1–0.25 mm.

The elemental composition of technogenic particles is formed by different elements
depending on the particle origin. Major elements may include the same elements that form
the mineral component of the urban sediment: Si, Al, Ca, Fe, Mg, etc. [23]. However, each
type of anthropogenic particle relates to some source of environmental pollution and to a
related potentially harmful elements. In the current study, the granulometric subsamples
were obtained after washing the samples with distilled water and, therefore, minor element
content in the studied technogenic particles refers to trace elements rather than to material
adsorbed on the particle surfaces. The accumulation of paint particles and colored plaster
debris in the USDS contributes to the pollution of the urban environment with potentially
toxic elements. The technogenic particles in the USDS samples tend to the formation of the
geochemical anomalies in the urban area and increased concentrations of heavy metals in
contemporary surface sediments.

The uncertainties in this study are related to the following factors:

- the errors of the operator in identifying the particle type;
- particle loss in particle size analysis under water washing and decantation;
- counting errors in the analysis of heavy mineral concentrate;
- the location of sampling sites in residential blocks far from roads, etc.

Taking into account the sources of uncertainty, the obtained results satisfactory charac-
terize the anthropogenic component of the surface sediments in residential areas in large
Russian cities.

The total amount of the USDS estimated for several Russian cities varies in the range
from 1.8 to 3.2 kg/m2 including approx. 65% of fraction >100 μm [23,24]. Thus, the amount
of anthropogenic material in Russian cities varies from 0.21 to 0.37 kg/m2. This result
shows a quite large accumulation of technogenic material in the urban environment.

The preliminary analysis of microplastic particles in the USDS samples in Russian
cities allowed the amount of microplastic particles <1 mm to be considered insignificant
in this environmental compartment [28]. The results of the assessment of the number of
microplastics are not presented in the current paper; however, further studies may use the
methodological approaches represented in the paper to search for plastic microparticles
and estimate their amount.

5. Conclusions

The combined approach was applied to assess the number of technogenic components
in loose coarse sedimentary material in an urban environment. When determining the
types of technogenic particle, the shape of the particles as well as their color and surface
morphology are of great importance. The approach was based on the methods of quantita-
tive and quantitative mineral, SEM-EDS, and environmental analysis. This approach can
be implemented in other environmental studies for similar purposes.

The study of technogenic particles in the contemporary anthropogenic sediments
allows important information about the sources of pollution to be obtained, especially about
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local non-point sources of pollution and their characteristics in an urban area. According
to revealed quantitative indicators, it has been shown that the USDS in Russian cities
contain a significant part of technogenic particles. Surveyed cities are differentiated by
the amount and types of the technogenic particles preferably presented in the local USDS
in residential area. Techogenic material may impact the transformation of typomorphic
element associations in the urban environmental compartments. The trace elements found
among the technogenic particles as impurities may change the microelement composition
within the components of the urban sediment cascade.
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Abstract: In this study, PM2.5 was analyzed for heavy metals at two sites in industrial northeast
China to determine their sources and human health risks during heating and non-heating periods. A
positive matrix factorization (PMF) model determined sources, and US Environmental Protection
Agency (USEPA) and entropy weight methods were used to assess human health risk. PM2.5 heavy
metal concentrations were higher in the heating period than in the non-heating period. In the heating
period, coal combustion (59.64%) was the primary heavy metal source at Huagong Hospitals, and the
contribution rates of industrial emissions and traffic emissions were 21.06% and 19.30%, respectively.
Industrial emissions (42.14%) were the primary source at Xinqu Park, and the contribution rates of
coal combustion and traffic emissions were 34.03% and 23.83%, respectively. During the non-heating
period, coal combustion (45.29%) and industrial emissions 45.29% and 44.59%, respectively, were the
primary sources at Huagong Hospital, and the traffic emissions were 10.12%. Industrial emissions
(43.64%) were the primary sources at Xinqu Park, where the coal combustion and traffic emissions
were 25.35% and 31.00%, respectively. In the heating period, PM2.5 heavy metals at Xinqu Park had
noncarcinogenic and carcinogenic risks, and the hazard index of children (5.74) was higher than that
of adult males (5.28) and females (4.49). However, adult males and females had the highest lifetime
carcinogenic risk (1.38 × 10−3 and 1.17 × 10−3) than children (3.00 × 10−4). The traditional USEPA
and entropy weight methods both produced reasonable results. However, when there is a difference
between the two methods, the entropy weight method is recommended to assess noncarcinogenic
health risks.

Keywords: particulate matter; source apportionment analysis; health risk assessment; Huludao

1. Introduction

According to the latest results of the Global Burden of Disease Study, particulate matter
(PM) has become the sixth leading cause of death [1,2], and air pollution is responsible
for 1.5% of the total mortality worldwide [3]. Many epidemiological studies demonstrate
that when inhaled and deposited in the lungs, PM2.5 (particle diameter less than 2.5 μm)
can cause respiratory and cardiovascular disease in humans [4–6]. Thus, exposure to
high concentrations of PM2.5 leads to increases in morbidity and mortality. There are
many sources of PM2.5, including industrial emissions, coal combustion, traffic emissions,
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rocks, and soil weathering [7–9]. The contributions to PM2.5 from different sources depend
on geographic location, climatic conditions, economic structure, and populations [10,11].
When industrial production is reduced, PM2.5 pollution is also reduced in many cities
in China. However, industrial emissions and associated PM2.5 levels remain a cause for
concern in China [10]. The increased burning of coal and biomass in the winter, particularly
in northern China, is the main source of PM2.5 [12,13], in contrast to southern China [14,15].
In industrial cities in northern China, the dual effects of emissions from industry and coal
combustion need to be monitored and evaluated. Heavy metals in PM2.5 can harm multiple
human physiological systems and organs, and therefore, effects on human health are a
concern [16–18]. Moreover, the characteristics of heavy metals in atmospheric particulates
vary depending on the source [19–21]. Studies have shown that the concentration of PM2.5
in Zibo, which is dominated by petrochemical industry, is relatively high in the spring, with
K+ and Mg2+ mainly representing the source of fugitive dust; in winter, the concentration
of F- and NO3

- is relatively high, which represents coal burning; Cd and Ni, the elements of
industrial emissions, do not change significantly throughout the year; research on industrial
cities such as Baoding and the plateau city of Kunming also shows that the concentration
of As and Hg, the elements of coal combustion, is higher in winter; Cd and Pb produced
by zinc smelting are important sources of pollution in Huludao City [8,22–24].

To assess the impact of PM2.5 on human health, the human health risk assessment
method of the US Environmental Protection Agency (USEPA) is often selected [25–29]. Most
analyses of PM2.5 sources and human health risk assessment calculate human health risk
without considering the effects of different sources, and the default parameters of models
assume that factors do not interact or that interactions can be ignored [27,30,31]. However,
because of factors such as humidity, wind speed and direction, temperature, and human
activity, there may be different combinations of pollution sources with different levels of
contribution and concentrations [32]. The USEPA method can be improved by coupling
the source of the pollution analysis model with the human health risk assessment model;
however, such models only analyze data for a specific time [33], and there is no approach
for comprehensive analysis of long time series data. Heavy metals may bioaccumulate,
and animal models indicate that the concentrations of heavy metals and the extent of their
effects are nonlinear [34]. Moreover, the cellular toxicity of multiple heavy metals is not
merely the sum of the toxicity of single heavy metals, and combinations of different heavy
metals can produce synergistic or antagonistic effects [35,36]. Therefore, the health risks of
different heavy metals to a population should not be simply determined by the addition of
effects. To determine the effects of different combinations of pollution sources on human
health risk in a long time series, the possible compound effects of multiple heavy metals on
human health need to be considered. In this article, multiple heavy metals were regarded
as a system, and the entropy weight method was introduced to supplement human health
risk assessment.

Entropy was proposed by the German physicist Clausius to describe random thermal
motion in thermodynamics [37]. Thereafter, Boltzmann developed entropy theory and
applied it to information theory, in which entropy is defined as a random variable [37]
and the acquisition of entropy indicates a loss of information. Therefore, with an increase
in the entropy value, less information is provided by a factor, and it is less important in
a comprehensive evaluation [38]. To reduce the uncertainty of factors in an evaluation
model, the information entropy model was established, which calculates a factor’s entropy
weight [37,39]. The biggest advantage of the entropy method is to use the data itself to
calculate the weight index instead of human factors, thereby improving the objectivity of
the comprehensive evaluation results [40]. The entropy weight method has been validated
in many types of assessments, including environmental pollution assessment, vulnerability
distribution in coastal aquifers, ecological risk assessment, and comprehensive water
quality assessment [39,41,42]. In such studies, the weightings between the indicators in the
index and the weightings of the subsystems in the evaluation system are applied reasonably,

44



Atmosphere 2021, 12, 852

demonstrating the suitability of the weighting method in evaluation systems. Thus, this
approach should also be applicable to human health risk assessment of atmospheric PM.

To assess heavy metal pollution in Huludao City, Liaoning Province, China, environ-
mental pollution study has focused on soils, indoor and outdoor dust, sediments, fresh
water, insects, and food, and has included heavy metal accumulation, distribution, and
degree of pollution, as well as human health risk assessment [22,43–46]. In this research,
the concentrations of heavy metals in atmospheric PM2.5 were determined, and the health
risks were assessed at two sites in Huludao City. To assess human health risk, the entropy
weight method was compared with the traditional USEPA method. The objectives of the
study were the following: (1) to identify changes in PM2.5 and the heavy metal concentra-
tions during heating and non-heating periods; (2) to determine the main sources of heavy
metals and their contributions in the different periods; (3) to assess the human health risks
of heavy metals in PM2.5 (carcinogenic and noncarcinogenic risks); and (4) to compare
different methods that estimate the human health risk over the long-term.

2. Materials and Methods

2.1. Study Area

The research was conducted at two sites in Huludao City, an industrial city in northeast
China. The city is in the southwestern part of Liaoning Province adjacent to the Liaodong
Gulf of the Bohai Sea (Figure 1). The region has a north temperate continental monsoon
climate. The west monsoon is dominant in winter, and the east monsoon prevails in
summer. The average annual wind speed is 3 m/s. The main industries in Huludao
City are petrochemicals, nonferrous metals, mechanical shipbuilding, and energy and
power. The city has the largest zinc smelter in Asia, the Huludao Zinc Plant (HZP). As a
result of the smelting operations, heavy metals are discharged into the environment and
pollute the atmosphere, soil, and rivers [22,43]. Industrial activities and coal combustion
are responsible for an approximate twofold increase in pollution in the study area. One
sampling site was at Huagong Hospital, which is in the Lianshan District of Huludao City.
Metal mining is the main industry in the region, and the city has a large proportion of
secondary and tertiary industries. The other sampling site was at Xinqu Park, which is in
the Longgang District of Huludao City. The forested land in this area accounted for 50.6%
of the total land area, and it is a relatively new urban area dominated by secondary and
tertiary industries.

2.2. Sample Collection and Preparation

The distribution of sampling sites is shown in Figure 1. At the Huagong Hospital
site, the PM2.5 mass concentrations and the atmospheric particle samples were collected
and measured continuously using an atmospheric particulate monitor (APM; Dasibi 7201,
Beijing Zhongshengtyco Environmental Science and Technology Development Co. Ltd.,
Beijing, China). The duration of sample collection was 1 h, and the airflow was 16.7 L min−1.
At the Xinqu Park site, the PM2.5 mass concentrations and the atmospheric particulate
samples were collected separately by using two APM systems (i-5030 and i-FH62C14,
Thermo Fisher, Franklin, MA, USA). The duration for both sample collections was 6 h,
and the airflow was 16.7 L min−1. The PM2.5 was sampled in the study areas from
April 2015 to March 2016. According to the “Huludao City Heating Management Measures”
(2011), November to March is the heating period, and April to October is the non-heating
period [47]. The PM2.5 was sampled at two points in both Huagong Hospital and Xinqu
Park, and a total of 96 valid samples were collected.

45



Atmosphere 2021, 12, 852

Figure 1. Study area. S1: Xinqu Park sampling area; S2: Huagong Hospital sampling area.

2.3. Chemical Analyses

The PM2.5 samples were collected on 47 mm diameter quartz fiber filters. A sample
was weighed after constant temperature (25 ◦C) and relative humidity (30%) for 24 h, the
filter membrane was cut in half and transferred to a Teflon digestion vessel. Then, HNO3,
HF, and HClO4 (1:1:5) were added to the vessel. The sample mixture was heated for 3 h at
200 ◦C [48]. After digestion, the sample was cooled to room temperature, and the solution
was quantitatively transferred to a 50 mL volumetric flask, which was filled to the mark.
The sample digests were analyzed using inductively coupled plasma mass spectrometry
(Thermo Fisher, Germany) to determine the concentrations of nickel (Ni), cadmium (Cd),
lead (Pb), copper (Cu), and arsenic (As) on the filters [31].

For quality assurance/quality control, 10 blank filters and river sediment standard
(Fluvial sediments: GBW08301) were digested and analyzed as described above to de-
termine heavy metal detection limits and recovery rates. The average concentrations
in the blank filters were the following (μg m−3): 0.021 ± 0.006 Ni; 0.088 ± 0.006 Cu;
0.249 ± 0.034 As; 0.003 ± 0.002 Cd; and 0.037 ± 0.020 Pb. The detection limits were the
following (μg m−3): 0.016 Ni, 0.018 Cu, 0.098 As, 0.006 Cd, and 0.057 Pb. According to the
river sediment tests, the average recovery rates of heavy metals ranged from 89.83% to
115.15%. The calculated values of the atmospheric PM2.5 samples used in this article were
obtained by subtracting the blank filter value from the test value.

2.4. Positive Matrix Factorization Model (PMF)

A positive matrix factorization (PMF) model allocates sources based on internal
correlation of the data and determines the main contributing factors according to the size of
the contribution and the actual local conditions [19,49]. The eigenvalues of each component
are analyzed, and the source type represented by each factor is determined [19,49]. The
PMF model has been widely used in the analysis of sources of heavy metals, aerosols,
and organic matter in atmospheric PM and has performed well in separating different
combustion sources [19,20,50]. The goal of PMF is to solve the chemical mass balance
between the measured species concentrations and the source profiles [19,49]. In addition,
minimization of the objective function of the PMF model enables derivation of the factor
contributions and the profiles. The species method-specific limit of detection limit (MDL)
is calculated to determine the uncertainty of an element [50–52]. In this study, the PMF
model used 96 samples as the input items. For the model, the MDL was 2.82 times the
standard deviation of the 10 blank filters. The uncertainty was calculated according to
Equations (1) and (2). When the concentration was lower than the MDL, Equation (1) was
used to calculate the uncertainty, and when the concentration was higher than the MDL,
Equation (2) was used, with the error function the relative standard deviation. According
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to the PMF5.0 user guide, a signal-to-noise ratio lower than 0.5 is defined as “Bad”, a
ratio higher than 0.5 and lower than 1 is “Weak”, and a ratio higher than 1 is “Strong”.
According to the running result of the model objective function, the residual result between
−3 and +3 was selected, and the minimum objective function was the output result [53,54].

Unc =
5
6
× MDL (1)

Unc =
√
(Error Fraction × concentration)2 + (0.5 × MDL)2 (2)

2.5. Health Risk Assessment

Heavy metals are readily accumulated in human organs such as the liver and kidney
and are difficult to degrade and excrete from the body [55]. Heavy metals in atmospheric
particulates will enter the human body via respiration, skin absorption, and oral intake, and
pose risks to human health [56,57]. Currently, the USEPA’s human health risk assessment
model is widely used to estimate heavy metal exposure levels. The model is based on the
exposure mode, exposure time, concentration factor, and the average daily inhaled dose of
non-carcinogenic metal (ADDinh, mg·kg−1·day−1) and the average daily inhaled dose of
metal carcinogen for lifetime exposure (LADDinh, mg·kg−1·day−1) in order to calculate the
risk index for the human health, as given by Equations (3)–(5) [29,58]. In this study, a risk
assessment for heavy metal (Ni, Cu, As, Cd, and Pb) exposure based on intake of PM2.5
was carried out. The metals were divided into two categories, in which all the heavy metals
were considered non-carcinogenic, and Ni, As, and Cd were considered carcinogenic [59].

The basic statistical data and abbreviations used in the study are as follows:

ADDinh i(LADDinh i) = C × InhR × EF × ED
BW × ATn(ATc)

(3)

C: concentration of heavy metals in PM2.5, mg/m3. InhR: inhalation rate, 19.20 m3/day
for adult males, 14.17 m3/day for adult females, 5.00 m3/day for children [29,58]. EF:
exposure frequency, 350 day/year in this study [56]. ED: exposure duration, 30 years
for adults, and 6 years for children [29,58]. BW: average body weight, 62.70 kg for adult
males, 54.40 kg for adult females, 15.00 kg for children [30,60]. ATn: averaging time for
non-carcinogens, ED × 365 days [30,60]. ATc: averaging time for carcinogens, 70 × 365
days [29,58]. Age of children, 0–16 years; adults, 17–70 years [56].

The hazard quotient (HQ) represents the risk due to non-carcinogens, and the in-
cremental lifetime cancer risk (ILCR) for carcinogens was calculated using the following
equations [22,29,56,58]:

HQi =
ADDinh i

R f Di
(4)

ILCRi = LADDinh i × CSFi (5)

RfD: reference dose; Ni 2.00 × 10−2 mg·kg−1·day−1; Cu 4.00 × 10−2 mg·kg−1·day−1;
As 3.00 × 10−4 mg·kg−1·day−1; Cd 1.00 × 10−3 mg·kg−1·day−1; Pb 3.50 × 10−3 mg·kg−1·
day−1 [29,58]. CSF: carcinogens slope factor; Ni 0.84 mg·kg−1·day−1; As 1.51 mg·kg−1·day−1;
Cd 6.30 mg·kg−1·day−1 [29,58].

As in previous studies [8,29,54], and without considering the interaction between
heavy metals, the hazard index (HI) was calculated by superimposing the HQ value of
each heavy metal, and the ILCRtotal was calculated by superimposing the ILCR value of
each heavy metal, as shown in Equations (6) and (7).

HI = ∑
i

HQi (6)

ILCRtotal = ∑
i

ILCRi (7)
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The human health risk index, however, calculated by the above method does not take
into account the impact of different pollution sources. Although the ME2 model can also
calculate health risks from different sources, it does not consider the long-term effects of
the factors on the population, especially heavy metal pollutants [33,61]. Therefore, this
study introduces the entropy weight method into the human health risk assessment to
evaluate the impact of factors which pose a long-term effect. First, we establish relevant
feature matrices based on the samples and the evaluation parameters:

A =

⎡
⎢⎢⎢⎣

a11
a21
...

am1

a12
a22
...

am2

· · ·
· · ·

...
· · ·

a1n
a2n

...
amn

⎤
⎥⎥⎥⎦ (8)

where A represents the relevant feature matrices, m is the number of considered features
(in this paper m is the number of heavy metals), and n is the number of samples [39,62].
The parameter index amount, j, in sample i is subsequently (yij) calculated by Equation (9);
the information entropy (Hi) is calculated by Equation (10); and the entropy weight, Ei, is
calculated by Equation (11) [62].

yij = aij/
m

∑
i=1

aij i = 1, 2, · · · , m; j = 1, 2, · · · , n. (9)

Hi = − 1
ln n

n

∑
j=1

yij ln yij i = 1, 2, · · · , m; j = 1, 2, · · · , n (10)

Ei =
1 − Hi

m − ∑m
i=1 Hi

i = 1, 2, · · · , m. (11)

To show the impact of different pollution sources on the human health risk, the entropy
weight method was used to calculate the weight value of the HQ value and the ILCR for
each heavy metal, and the weighted correction of the HI’ value and the ILCRtotal’ for human
health risk, as shown in Equations (12) and (13):

HI′ = ∑
i

HQi · Ei (12)

ILCR′
total = ∑

i
ILCRi · Ei (13)

where Ei represents the weight of different heavy metal HQ values or ILCR values in the
method for calculation (see Equations (9)–(11)). If HQ and HI exceed 1 or if ILCR and
ILCRtotal exceed 10−4, then there is a chance that non-carcinogenic or carcinogenic effects
might occur. If the ILCR and ILCRtotal values exceed 10−6, but do not exceed 10−4, there is
a potential carcinogenic risk for the heavy metals [22,55].

2.6. Data Analysis

SPSS Statistics 25 was used for statistical analysis and Origin 2017 for plotting. Excel
in office 2016 calculates the coefficient of variation (CV).

3. Results and Discussion

3.1. Particulate Matter Concentrations

The average PM2.5 concentrations were 45.31 μg m−3 in Xinqu Park and 57.36 μg m−3 in
Huagong Hospital. The concentrations were higher during the heating period (62.63 μg m−3 in
Xinqu Park; 68.36 μg m−3 in Huagong Hospital) than in the non-heating period (33.91 μg m−3

in Xinqu Park; 52.05 μg m−3 in Huagong Hospital). This finding is consistent with the results of
several studies [48,63]. The concentrations in the study area were relatively low compared with
those in Beijing (89.60 to 196.3 μg m−3) [48], Shanghai (103.1 μg m−3) [63], and other large cities.
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In addition, the concentrations in Chengdu (41.45 to 115.4 μg m−3) [64], a city of greater size
and population density than Huludao, were generally higher. The highest PM2.5 concentrations
in Huludao were similar to those in the tourist city of Tai’an (63.00 μg m−3) [65] but were lower
than those in the industrial city of Zhuzhou (81.00 to 201.3 μg m−3) [27]. Existing studies have
shown that only considering the level of social and economic development, when the share of
urban secondary industry is low, PM2.5 pollution is lighter, and the polycentric and scattered
population distribution will increase the concentration of PM2.5 in Chinese cities [10,11].

The concentration of PM2.5 at Huagong Hospital was higher than that at Xinqu Park.
However, the PM2.5 concentration (33.91 μg m−3) at Xinqu Park only met the ambient air
quality standards (35.00 μg m−3) during the non-heating period. High concentrations of
PM2.5 may increase human health risks [60]. A nonparametric test indicated the PM2.5
concentration in Huagong Hospital and Xinqu Park was significantly different (p < 0.05).
The concentration was also significantly different between the two sampling sites during
the heating and the non-heating periods (p < 0.05). These results indicated that the main
sources of PM2.5 at the two sampling sites were different. This difference might be because
Xinqu Park is downwind of the HZP, whereas Huagong Hospital is in the old part of the
city northwest of the HZP and is relatively less affected by plant emissions.

3.2. Heavy Metal Content of PM2.5

Figure 2 shows heavy metal concentrations in PM2.5 in the study area. Except for
As and Pb at Huagong Hospital, the concentration of heavy metals in the heating period
was higher than that in the non-heating period. The concentration of heavy metals in
PM2.5 at Xinqu Park was higher than that at Huagong Hospital during the heating period,
and the concentrations of Ni and Cd at Xinqu Park were higher than those at Huagong
Hospital during the non-heating period. Differences in the locations and sources of the two
sampling sites might have affected the concentrations of heavy metals. In previous studies,
the concentration of heavy metals is highest in winter and lowest in summer [13,64]. The
heavy metal content of PM2.5 in the industrial city of Changzhou in southern China in
autumn and winter was higher than that in the present study. In Changzhou, traffic and
industrial emissions are the main sources of pollution, with coal combustion sources the
smallest contributor [30]. By contrast, in Chifeng City in northern China, the main sources
of heavy metal pollution are coal combustion and vehicle emissions [66]. The heavy metal
concentrations of PM2.5 in Chifeng City are slightly lower than those in the present study,
and the highest concentrations occur in winter and the lowest concentrations occur in
summer [66].

Nonparametric tests on the heavy metal concentrations in the different sampling peri-
ods detected differences between heavy metals (p < 0.05), suggesting there were multiple
sources of heavy metals. During the heating period, the concentrations of As, Pb, and
Cu were relatively high. Arsenic is an important indicator of coal combustion, and Pb
is an important pollutant from zinc smelting and may also be a product of coal combus-
tion [64,67]. Therefore, during the heating period, heavy metal concentrations in PM2.5
might be most affected by coal combustion and industrial production. In the non-heating
period, the concentrations of As, Pb, and Cu were higher at Huagong Hospital than at
Xinqu Park, whereas the concentrations of Ni and Pb were higher at Xinqu Park than at
Huagong Hospital. Nickel is primarily derived from the burning of fossil fuels, the wear of
auto parts, and ship emissions [64,67,68]. Therefore, during the non-heating period, the
differences in the concentrations of heavy metals between the two sampling points might
be due to the different locations and sources.
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Figure 2. Heavy metal concentrations of PM2.5 in Huagong Hospital and Xinqu Park. Note: (a) rep-
resents April to June; (b) represents July to September; (c) represents October to De-cember; (d) repre-
sents January to March.

3.3. Source Apportionment Analysis
3.3.1. Identification of Factors

The USEPA PMF5.0 model was used to classify the sources of heavy metals in PM2.5
at Huagong Hospital and Xinqu Park. Figure 3 shows the major air pollution sources
and their contributions. The first factor had high concentrations of As (44.30–84.53%),
Pb (36.61–47.86%), and Cd (6.50–66.20%). Many studies show that As and Pb are important
indicators of coal combustion, especially As [64,69,70]. The combustion of coal also releases
many trace elements, including Pb and Cd [58,71], and thus, those metals in PM2.5 indicated
that coal combustion might be the source. The second factor had high concentrations of Cd
(22.53–57.46%), Pb (33.95–50.60%), and Cu (13.87–74.23%). The metals Cd, Cu, and Pb are
typically associated with smelting and nonferrous metal industries [64,72–74], Cd and Pb
are important pollution signs in zinc smelting [40–42], and therefore, the emission signature
was attributed to industrial emissions. The third factor had relatively high concentrations
of Ni (12.41–79.05%), Cd (11.27–36.04%), and Pb (12.79–22.62%). Nickel is primarily derived
from the combustion of fossil fuels but is also an important indicator of ship emissions and
is closely linked with road dust derived from worn vehicle components (e.g., brake linings
and tire wear) and vehicle exhaust (oil, diesel combustion) [66,68,75]. The study area is
adjacent to Liaodong Bay, and ship emissions might be a source of heavy metals in PM2.5,
which were classified as traffic emissions. In this article, the traffic emissions are the total
emissions generated by vehicle and ship emissions. The study area is in northeast China
and is a typical metallurgical processing area. The HZP produces 3.3 × 105 tonnes of zinc
per year, as well as Cd [46] and a variety of heavy metals [76]. Thus, industrial emissions
and coal combustion were the main sources of PM2.5 in the study area.
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Figure 3. Source profiles and percentage contributions of heavy metals in PM2.5 by PMF.

3.3.2. Source Apportionment for the Non-Heating Period

Figure 4 shows the source contributions from the PMF model. In the non-heating
period, the main source of heavy metals in PM2.5 at Huagong Hospital was industrial
emissions (45.29%), followed by coal combustion (44.59%) and traffic emissions (10.12%).
At Xinqu Park, the main source was industrial emissions (43.64%), followed by traffic
emissions (31.00%) and coal combustion (25.35%). According to the model results, indus-
trial emissions were the main source of PM2.5 in the study area. The different secondary
sources for the two sampling points might be related to their locations and meteorological
factors. During the non-heating period, the study area is dominated by southerly and
southwesterly winds. Therefore, the sampling points in Xinqu Park were likely affected
by emissions from ships in Liaodong Bay, and the contribution from traffic emissions was
relatively high. The results in this study are consistent with those for Chengdu and Tai’an
in southern China [64,65]. However, industrial emissions had a relatively high contribution
in the study area, likely because zinc smelting was the dominant industry. Chengdu is
a provincial capital city, and Tai’an is a tourist destination [64,65]. The contribution of
industrial emissions during the non-heating period (summer) was higher than that of coal
burning, which is in contrast to results from the industrial city of Chifeng in northern
China [66]. The contrast may be due to coal-fired power generation and coke plants in
Chifeng City, which increase the contribution of coal combustion during the non-heating
period [66], compared with that in the study area.
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Figure 4. Contribution of PM2.5 heavy metals from different source. Note: (A) represents non-heating
period of Huagong Hospital in 2015; (B) represents heating period of Huagong Hospital in 2015; (C) repre-
sents non-heating period of Xinqu Park in 2015; (D) represents heating period of Xinqu Park in 2015.

3.3.3. Source Apportionment for the Heating Period

The PMF model identified the main sources of PM2.5 in the study area (Figure 4). Dur-
ing the heating period, the main source of heavy metals in PM2.5 at Huagong Hospital was
coal combustion (59.64%), followed by industrial emissions (21.06%) and traffic emissions
(19.30%), whereas at Xinqu Park, industrial emissions (42.14%) dominated, followed by
coal combustion (34.03%) and traffic emissions (23.83%). Thus, there were differences in
the main sources of PM2.5 heavy metals at the two sampling sites. The differences might
be because Huagong Hospital is in the old urban area of the city where the population is
relatively dense. Coal-fired heating might also affect the site, in addition to industrial pro-
duction, particularly considering the wind direction. During the heating period, the wind
direction is mainly northerly and southwesterly, and because of the dilution/dispersal
effect, the wind direction might have had a disproportionate effect on pollutant disper-
sal [77]. Coal-fired heating might have had less effect on Xinqu Park. In Liaoning Province,
for example, coal consumption for industrial processes reached 175 million tonnes in 2015,
including the burning of 140 million tonnes of coal for fuel [78]. In Chengdu, air condition-
ers are heavily used in the cold period, and that usage creates an increased demand for
coal in thermal power generation; hence, the contribution of PM2.5 associated with coal
combustion increases in winter [64].

Overall, industrial emissions were the main source of PM2.5 in the study area, followed
by coal combustion and then traffic emissions. These results are the same as those for Tai’an
and Chengdu [64,65], whereas the differences between Chifeng City and the present study
are only because the research area is an industrial city dominated by zinc smelting [66].
At Huagong Hospital, coal-fired heating increased the contribution of coal combustion to
heavy metals in PM2.5. A similar conclusion was also reached in a PM10 source analysis in
northeast China [79]. According to the data of the Department of Ecology and Environment
of Liaoning Province (2015), the contributions to PM2.5 from industrial emissions are much
higher than those from traffic emissions. Because contributions from pollution sources
change in time and space, there are different combinations of pollutants, and they likely
have different health risks to populations.

3.4. Health Risk Assessment

The human health risk assessment index only represents the assessment results for a
particular period. However, because of the bioaccumulation of heavy metals, the assess-
ment results of individual sampling periods cannot fully represent the human health risks
in a study area. Therefore, in this paper, the average value of heavy metal concentrations
during the sampling period was used to represent the human health risk associated with
heavy metals in PM2.5. In this study, HQ was used to evaluate the noncarcinogenic risk,
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and the ILCR was used to evaluate the carcinogenic risk. The different types of risk were
analyzed separately for the heating and non-heating periods. The total carcinogenic risk
and the total noncarcinogenic risk were calculated by the traditional USEPA method and
the entropy weight method; the calculation results are shown in Figure 5.

Figure 5. Risk indices of the two methods. Note: (A) represents non-heating period in Huagong
Hospital; (B) represents heating period in Huagong Hospital; (C) represents non-heating period in
Xinqu Park; (D) represents heating period in Xinqu Park. Children: 0–16 years; males: 17–70 years;
females: 17–70 years. EWM: entropy weight method.

3.4.1. Non-Carcinogenic Risk Assessment

The lowest noncarcinogenic risk index in the non-heating period was for adult women
at Xinqu Park (2.14 × 10−2 (USEPA) and 1.78 × 10−2 (entropy weight method)), whereas the
highest noncarcinogenic risk index was for children at Huagong Hospital (0.469 (USEPA)
and 0.788 (entropy weight method)) (Figure 5). In the non-heating period, the hazard
index was less than 1, indicating that heavy metals in PM2.5 in the study area did not
pose a noncarcinogenic human health risk. During the heating period, adult women
at Huagong Hospital had the lowest noncarcinogenic risk (5.67 × 10−2 (USEPA) and
1.79 × 10−2 (entropy weight method)), whereas children at Xinqu Park had the highest
noncarcinogenic risk index (5.90 (USEPA) and 5.74 (entropy weight method)). The HI value
of Xinqu Park was greater than 1, indicating that heavy metals posed a noncarcinogenic
risk to human health in the area. Similar results are also reported for Tianjin City and
Sistan in Iran [80,81]. Increased human health risks associated with increased heavy metal
concentrations have been reported previously [16,82]. For the different populations at the
two sampling locations within the same sampling period, the noncarcinogenic risk index
was ranked as children > adult males > adult females. Thus, children likely faced the
greatest noncarcinogenic risk from heavy metal pollution. This finding is consistent with
studies in which the noncarcinogenic risk for children is higher than that for adults. In
addition, the exposure parameters of weight and breathing rate, among others, are higher
for adult males than for adult females [8,11,31]. A nonparametric test of the population
HI determined by the two methods in the different periods showed that the results were
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significantly different at Huagong Hospital (p < 0.05). However, there was no significant
difference between the results of the two methods at Xinqu Park (p > 0.05). This difference
might be because the main sources of heavy metals in PM2.5 in the heating and non-heating
periods at Huagong Hospital were different, as were the main contributing heavy metals.
Therefore, the weight of the HQ value of each heavy metal calculated by the entropy weight
method was different. To compare the difference in the results of the two methods, the
coefficient of variation (CV) of the HI value during the period was calculated. At Huagong
Hospital, the CV values of the entropy weight method were slightly higher (1.185 for the
non-heating period and 0.524 for the heating period) than those of the USEPA method
(1.182 for the non-heating period and 0.453 for the heating period). At Xinqu Park, the CV
values of the entropy weight method were lower (0.561 for the non-heating period and
1.419 for the heating period) than those of the USEPA method (0.563 for the non-heating
period and 1.437 for the heating period). Thus, there was little difference between the
results of the two methods at Xinqu Park, and the values calculated by the entropy weight
method had a lower degree of dispersion. In evaluating the effects of long-term changes
in heavy metal concentrations in PM2.5 on human health risks, the calculation results of
entropy weight method might be more representative.

3.4.2. Carcinogenic Risk Assessment

Figure 5 shows the carcinogenic risk assessment results for the study area. The
lowest carcinogenic risk index for the non-heating period was for children at Xinqu Park
(3.31 × 10−6 (USEPA) and 3.73 × 10−6 (entropy weight method)), whereas the highest
carcinogenic risk index was for adult males at Huagong Hospital (8.30 × 10−5 (USEPA)
and 1.55 × 10−4 (entropy weight method)). Therefore, according to the entropy weight
method, the heavy metals in PM2.5 in the non-heating period were a potential carcinogenic
risk in the study area or a carcinogenic risk to adults at Huagong Hospital (1.55 × 10−4

for males and 1.32 × 10−4 for females). The lowest carcinogenic risk index for the heating
period was for children at Huagong Hospital (3.17 × 10−6 (USEPA) and 1.33 × 10−6

(entropy weight method)), whereas the highest carcinogenic risk index was for adult males
at Xinqu Park (1.38 × 10−3 (USEPA) and 1.37 × 10−3 (entropy weight method)). During
the heating period, the heavy metals in PM2.5 were a potential carcinogenic risk to people
at Huagong Hospital and a carcinogenic risk to people at Xinqu Park. A nonparametric
test of the population HI of the two methods in different periods showed that the two
methods produced different results at Huagong Hospital (p < 0.05) but not at Xinqu Park
(p > 0.05). At Huagong Hospital, the CV values of the entropy weight method were slightly
higher (1.185 for the non-heating period and 0.889 for the heating period) than those of
the USEPA method (1.160 for the non-heating period and 0.518 for the heating period).
At Xinqu Park, the CV values of the entropy weight method were lower (0.742 for the
non-heating period and 1.396 for the heating period) than those of the USEPA method
(0.607 for the non-heating period and 1.396 for the heating period). The results of the
two methods at Xinqu Park were similar, although the result of the USEPA method had
a smaller degree of dispersion. For ILCR, the traditional USEPA method might be more
applicable. At Xinqu Park, the carcinogenic risk during the heating period was higher than
that in the non-heating period, a conclusion also reached in a recent study [8]. However, at
Huagong Hospital, the risk of carcinogenesis was high during the non-heating period. For
the different population groups, the risk of carcinogenesis was higher in adults than that
in children, and the health risks of adult males were higher than those of adult females.
Studies of the Pearl River delta region and Baoding City reached conclusions consistent
with those of this study [8,83]. With respect to the study area, industrial emissions and
coal combustion were the main sources of carcinogenic risk for the population, and heavy
metals caused the highest carcinogenic risk to adult males and the lowest carcinogenic risk
to children.
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4. Conclusions

In this study, PM2.5 concentrations were quantified, the sources were identified, and
health risks were assessed in an industrial area of northeast China. The concentrations of
PM2.5 in the heating period were higher than those in the non-heating period. In addition,
the PM2.5 concentrations in the old city at Huagong Hospital were higher than those at
Xinqu Park. The PM2.5 concentrations of various metals differed. In general, the heavy
metal concentrations in the heating period were higher than those in the non-heating
period. Nonparametric tests detected differences between concentrations of heavy metals
in PM2.5, indicating there were different sources of heavy metals in the study area. The
PMF model identified industrial emissions as the main source of heavy metals in PM2.5,
followed by coal combustion and then traffic emissions. Compared with the sources of
emissions at Xinqu Park, an increased demand for coal combustion for heating during
the winter led to elevated concentrations of heavy metals in PM2.5 at Huagong Hospital,
demonstrating coal combustion was the most important source of pollution. In the heating
period, coal combustion (59.64%) was primary heavy metal source at Huagong Hospitals,
and the contribution rates of industrial emissions and traffic emissions were 21.06% and
19.30%, respectively. Industrial emissions (42.14%) were the primary source at Xinqu
Park, and the contribution rates of coal combustion and traffic emissions were 34.03%
and 23.83%, respectively. During the non-heating period, coal combustion (45.29%) and
industrial emissions (44.59%) were the primary sources at Huagong Hospital, and the
traffic emissions were 10.12%. Industrial emissions (43.64%) were the primary sources at
Xinqu Park, the coal combustion and traffic emissions were 25.35% and 31.00%, respectively.
Differences in the contributions of heavy metals in PM2.5 from different pollution sources
affected the risks to human health. Children had the highest noncarcinogenic risk and
adult females had the lowest noncarcinogenic risk, whereas adult males had the highest
carcinogenic risk and children had the lowest carcinogenic risk. Furthermore, during the
heating period, there were noncarcinogenic and carcinogenic risks to the public only at
Xinqu Park, whereas during the non-heating period, there was potential carcinogenic risk
for people in Huagong Hospitals and Xinqu Park. Compared with the traditional USEPA
method, the results of the entropy weight method were also reasonable. However, when
there is a difference between the two methods, the entropy weight method is recommended
to assess noncarcinogenic health risks, because the result has smaller dispersion and is
more representative. In contrast, the USEPA method is recommended for ILCR.
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Abstract: Road dust (RD) resuspension is one of the main sources of particulate matter in cities with
adverse impacts on air quality, health, and climate. Studies on the variability of the deposited PM10

fraction of RD (RD10) have been limited in Latin America, whereby our understanding of the central
factors that control this pollutant remains incomplete. In this study, forty-one RD10 samples were
collected in two Andean cities (Bogotá and Manizales) and analyzed for ions, minerals, and trace
elements. RD10 levels varied between 1.8–45.7 mg/m2, with an average of 11.8 mg/m2, in Bogotá
and between 0.8–26.7 mg/m2, with an average of 5.7 mg/m2, in Manizales. Minerals were the most
abundant species in both cities, with a fraction significantly larger in Manizales (38%) than Bogotá
(9%). The difference could be explained mainly by the complex topography and the composition of
soil derived from volcanic ash in Manizales. The volcanic activity was also associated with SO4

−2

and Cl−. Enrichment factors and principal component analysis were conducted to explore potential
factors associated to sources of RD10. Elements such as Cu, Pb, Cr, Ni, V, Sb, and Mo were mainly
associated with exhaust and non-exhaust traffic emissions.

Keywords: PM10; dust resuspension; sediment load; non-exhaust emissions; chemical profile;
enrichment factors; Colombia

1. Introduction

Particulate matter (PM) emitted by road transport can be released both from the
exhaust pipe, as a result of incomplete fuel combustion, and from non-exhaust processes [1].
Exhaust particles have shown a trend of decreasing emissions due to stringent tailpipe
standards, better fuel quality, and migration towards zero- or low-emission vehicles in

Atmosphere 2021, 12, 1109. https://doi.org/10.3390/atmos12091109 https://www.mdpi.com/journal/atmosphere61



Atmosphere 2021, 12, 1109

recent decades [2]. However, detailed information concerning non-exhaust PM emissions
is still relatively limited in developing countries, particularly in Latin America, where
there is not enough knowledge regarding physicochemical characteristics of PM, its spatial
distribution, and associated adverse health effects, among other variables.

Non-exhaust emissions have been identified as one of the most significant sources of
air pollution in urban environments due to their contribution of coarse, fine, and ultrafine
particles [1,3–6]. These emissions are constituted by direct releases of particles due to
abrasion processes, including tire, brake, clutch, and road wear [7–9]. They also include the
resuspension of road dust, namely PM emitted from natural and anthropogenic sources,
deposited on the road surface, and resuspended as a result of vehicular turbulence and the
action of the wind [2].

Road dust is composed mainly of crustal dust and soil material, but also of particles
derived from several anthropogenic sources, such as traffic, industrial emissions, quarries,
and construction activities, among others [6,10,11]. Therefore, the chemical composition of
road dust is variable and is associated with the characteristics of the emission sources. This
includes abundant crust elements, such as Al, Fe, Mg, Na, P, and Ti, among others, but also
hazardous components such as Pb, V, Cd, Cu, Sb, and polycyclic aromatic hydrocarbons
(PAHs). The latter ones generate adverse effects on human health, especially on the
cardiorespiratory system [12]. Road dust loadings, as well as their chemical speciation,
vary geographically depending on parameters such as meteorology, geology of the region,
and even the type of pavement sampled [13,14].

Some studies have investigated the association of road dust particles and mortality
from cardiorespiratory diseases and other causes. Researchers have found that an incre-
mental increase of particles related to road dust resuspension can increase mortality risk
by 4.0%, higher than the observed for vehicle exhaust [15]. Other studies have reported a
significant daily mortality because of an increase of 10 μg/m3 of particles related to road
dust in Stockholm [16]. Lastly, chemical species associated with road dust and mineral
resuspension, such as SiO2, Ca, Fe, and Ti, have shown deleterious health effects [17,18].
Consequently, studying the loadings and the chemical composition of road dust, as well
as its spatial variability, is crucial to identify the origin of the PM, to formulate mitigation
measures and to identify potential adverse effects on the population.

Studies on loadings and chemical characterization of particles below 10 μm from
road dust (PM10 but termed RD10 in this study) have been carried out in several cities.
For example, Alves et al. [7] used a portable resuspension chamber to collect road dust
from five main roads in Oporto and an urban tunnel in Braga, Portugal. Researchers
reported dust loadings of 0.48 ± 0.39 mg PM10/m2 for asphalt paved roads. Furthermore,
they found that crustal and anthropogenic elements, associated with tire and brake wear,
dominated the inorganic fraction. Vlasov et al. [19] analyzed potentially toxic elements
(PTEs) in road dust in Moscow, finding that the main pollutants of the PM10 fraction
included Sb, Zn, W, Sn, Bi, Cd, Cu, Pb, and Mo. They concluded that particles were most
contaminated in the central part of the city due to the large number of cars and traffic
congestions. Zhang et al. [20] analyzed a total of 64 dust samples collected from five urban
roads and four parks in Tianjin, China to determine the size distribution and elemental
composition of the PM10 fraction. The researchers found that crustal elements accounted
for 30.14% of the PM10 fractions and the most abundant trace elements were Zn, Mn, and
Cu (range, 277 to 874 mg/kg). Pant et al. [21] obtained road dust samples collected at
two sites in Birmingham, UK and one site in New Delhi, India. They found that dust
loadings were found to be much higher for New Delhi (72.9 ± 24.3 mg/m2) compared to
Birmingham (range, 9.34 ± 5.56 to 12.1 ± 9.3 mg/m2). In addition, Cu was found to be a
factor significantly associated with oxidative potential in the PM10 fraction.

Although some emission inventories have recognized resuspended road dust as one
of the most significant sources of PM in urban centers [22], research on RD10 conducted in
Latin American countries has been scarce. Pachón et al. [23] studied influencing factors of
road dust in Bogotá, finding that meteorology, land use, traffic characteristics, and road
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conditions determine RD10 levels in the city. Ramírez et al. [24] characterized inorganic
compounds (water-soluble ions, major and trace elements, organic and elemental carbon)
and estimated source contributions to the PM10 fraction of road dust sampled in Bogotá,
the capital of Colombia. Crustal elements were the most abundant species, accounting for
49–62% of the PM10 fraction, followed by OC (13–29%), water-soluble ions (1.4–3.8%), EC
(0.8–1.9%), and trace elements (0.2–0.5%). On the other hand, Ramírez et al. [25] evaluated
road dust in Barranquilla, a major industrial city in the Caribbean region, finding that the
major elements, including Al, Ca, Fe, K, Mg, Na, and S, were the most abundant species,
accounting for 23% ± 18% of the mass of thoracic particles.

The objective of this paper was to show an analysis of the spatial distribution and
chemical composition of road dust in two high-altitude Latin American cities. This study
was conducted in two cities in Colombia (Bogotá and Manizales), located in the Andean
mountains at 2000 m above sea level (m.a.s.l.). The cities were selected for presenting dif-
ferent demographic conditions, transportation patterns, industrial dynamics, and pollution
levels. The aims of the research were (i) to determine the RD10 load in each city according
to land use, (ii) to evaluate the spatial distribution and the chemical composition of RD10
in Bogota and Manizales, and (iii) to explore potential factors associated to sources of RD10
for the two cities mentioned.

2. Materials and Methods

2.1. Sampling Locations

Bogotá is the capital of Colombia and the largest city in the country (population of
8.1 million), located in the South America Andes Cordillera at an altitude of 2640 m.a.s.l.
(Figure 1). The urban region has an approximate area of 420 km2 and a high population
density, ~17,700 inhabitants per km2 [24]. Meteorological conditions in Bogotá are charac-
terized by having an average temperature of 15 ◦C and average annual precipitation of
844 mm. Winds from NE–E and SE–E predominate, with average speeds of 1.5–3.5 m/s.
The trade winds reach the city between June and August, favoring pollutant dispersion.
The city has a high motorization rate, 313 vehicles per 1000 inhabitants in the year of
2018 [26]. The city’s vehicle fleet in 2018 was composed of 2.4 million vehicles, in which
47% were passenger cars, 25% pick-up trucks, 22% motorcycles, 3% heavy-duty cargo fleet,
2% taxis, and 1.9% collective transport buses [27]. Private vehicles and motorcycles use
mainly gasoline, taxis use gasoline and vehicular natural gas (NG), buses use diesel and
NG, and heavy vehicles use predominantly diesel as fuel.

Bogotá has a mix of industries, such as manufacturing, chemical, plastics, food and
beverages, metallurgy, exploitation of quarries, and mining (nonmetallic) areas, among
others. This sector has an intensive use of fossil fuels for goods production and transporta-
tion. The industries are located both within the urban area and at nearby municipalities,
generating land-use and environmental conflicts [28]. Frequently, PM exceeds national air
quality standards in the southern and western areas of the city, given the emission sources,
and local and meteorological conditions [24].

Manizales is a medium-sized Andean city (population of 434,403 inhabitants) [29],
located in the central-west of Colombia on the western slope of the Cordillera Central at
an altitude of 2150 m.a.s.l. [30] (Figure 1). The urban region has an approximate area of
54 km2 [29] and high population density (~7504 inhabitants per km2 in the urban area).
Meteorological conditions in Manizales are characterized by a high annual precipitation
(1670 mm) with a high spatial variability. The diurnal temperature profile ranges be-
tween 12–24 ◦C, high relative humidity between 69–86%, and low wind speeds (≤2 m/s).
These meteorological conditions enhance minimum dispersion of pollutants in the urban
area [31,32]. Local atmospheric chemistry is influenced by proximity to the Nevado del
Ruiz volcano (located approximately 28 km from the southeast of Manizales and 140 km
from the northwest of Bogotá), one of the most active in Latin America, registering signifi-
cant activity since 2010 with daily SO2 and ash emission episodes [33]. Valley–mountain
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wind circulation patterns in the city are characterized as ascending by day and descending
by night [30,31], with possible transport of volcanic emissions during downslope wind.

Manizales has a high motorization rate, 455.2 vehicles per 1000 inhabitants in the year
of 2018 [31,34]. The city’s vehicle fleet in 2017 was composed of 169,142 vehicles, in which
48.3% were passenger cars, 47.1% motorcycles, 1.4% taxis, 1.5% collective transport buses,
and 1.7% pick-up trucks. Private vehicles and motorcycles use gasoline, taxis use gasoline
and NG, and buses and heavy vehicles use diesel as fuel. Manizales has a diverse industrial
sector of food and beverages, chemical, plastics, metallurgy, foundry, and minerals, among
others. These industries use natural gas, coal, and diesel as fuels [32].

Figure 1. Location of the study cities—Bogotá and Manizales, Colombia.

2.2. Road Dust Samplings

A total of 41 samples were obtained from the two cities, 20 samplings were carried
out in Bogotá and 21 in Manizales. Road dust sampling was conducted in dry weather
and at least 48 h after a precipitation event. This condition guarantees that particles are
mobilized and not retained by the surface humidity [35]. Field campaigns were carried out
between December 2017 and March 2018 in Bogotá, and between July and September 2019
in Manizales (Table 1). As a result of the closeness with the equator (latitudes between 4.5
and 5.1 degrees north for Bogotá and Manizales, respectively), the seasonal variations of
temperature and solar radiation between these two cities in question are small, and even
negligible if the length of the day is considered. Of all samples, 23 were collected in areas
of the cities where commercial activities predominate (average conditions typical of each
city)—7 in Bogotá and 16 in Manizales; nine samples were taken in sites of interest such
as industrial areas—6 in Bogotá and 3 in Manizales; nine samples were taken in sites of
interest with little activity, such as residential areas—7 in Bogotá and 2 in Manizales.
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Table 1. Average loading of RD10 at each location.

ID Point Length Latitude Sampling Date Classification RD10 (mg/m2)

Bogotá

1 74◦03′59.07” W 4◦45′34.48” N 19 December 2017 Commercial Land Use 3.26

2 74◦01′28.05” W 4◦45′21.12” N 19 December 2017 Residential Land Use 7.04

3 74◦01′56.41” W 4◦43′12.28” N 20 December 2017 Residential Land Use 14.31

4 74◦02′50.84” W 4◦41′14.78” N 20 December 2017 Residential Land Use 18.92

5 74◦03′58.63” W 4◦38′22.69” N 22 December 2017 Commercial Land Use 7.06

6 74◦04′14.20” W 4◦39′26.73” N 27 January 2018 Commercial Land Use 10.33

7 74◦05′38.62” W 4◦41′18.01” N 26 January 2018 Commercial Land Use 4.60

8 74◦07′25.07” W 4◦43′27.55” N 26 March 2018 Commercial Land Use 45.75

9 74◦09′11.51” W 4◦40′31.39” N 26 January 2018 Industrial Land Use 1.82

10 74◦07′25.32” W 4◦39′07.38” N 26 January 2018 Industrial Land Use 2.41

11 74◦07′11.76” W 4◦38′07.65” N 24 January 2018 Industrial Land Use 7.08

12 74◦05′52.42” W 4◦37′33.33” N 24 January 2018 Industrial Land Use 8.35

13 74◦04′36.13” W 4◦36′29.91” N 22 December 2017 Commercial Land Use 12.07

14 74◦06′01.31” W 4◦36′11.21” N 21 December 2017 Residential Land Use 9.40

15 74◦08′13.84” W 4◦35′48.87” N 23 January 2018 Industrial Land Use 23.14

16 74◦10′06.66” W 4◦37′47.06” N 3 March 2018 Residential Land Use 21.15

17 74◦10′38.49” W 4◦35′51.84” N 27 January 2018 Industrial Land Use 6.05

18 74◦07′33.38” W 4◦34′09.98” N 25 January 2018 Commercial Land Use 10.65

19 74◦05′14.33” W 4◦34′11.51” N 25 January 2018 Residential Land Use 16.71

20 74◦07′02.07” W 4◦31′00.78” N 27 March 2018 Residential Land Use 6.04

Manizales

1 75◦27′05.00” W 5◦01′40.58” N 2 September 2019 Industrial Land Use 26.75

2 75◦27′04.86” W 5◦01′58.84” N 20 August 2019 Industrial Land Use 11.72

3 75◦27′41.15” W 5◦02′10.10” N 2 September 2019 Industrial Land Use 0.77

4 75◦27′56.27” W 5◦01′55.02” N 31 July 2019 Mixed Land Use 8.54

5 75◦27′59.94” W 5◦02′02.87” N 30 August 2019 Residential Land Use 2.52

6 75◦28′52.54” W 5◦02′01.90” N 28 August 2019 Mixed Land Use 1.74

7 75◦29′01.39” W 5◦02′49.34” N 9 August 2019 Mixed Land Use 1.96

8 75◦28′54.88” W 5◦03′05.36” N 8 August 2019 Mixed Land Use 7.19

9 75◦29′24.04” W 5◦03′07.42” N 28 August 2019 Residential Land Use 2.22

10 75◦29′12.30” W 5◦03′27.14” N 9 August 2019 Mixed Land Use 2.72

11 75◦29′38.04” W 5◦03′35.71” N 30 August 2019 Mixed Land Use 3.17

12 75◦30′06.37” W 5◦03′50.11” N 20 August 2019 Mixed Land Use 2.73

13 75◦29′55.54” W 5◦04′12.86” N 22 August 2019 Mixed Land Use 3.57

14 75◦30′20.88” W 5◦03′57.53” N 6 August 2019 Mixed Land Use 6.46

15 75◦30′38.84” W 5◦04′04.84” N 22 August 2019 Mixed Land Use 1.43

16 75◦30′55.37” W 5◦04′04.19” N 1 August 2019 Mixed Land Use 7.14

17 75◦30′54.04” W 5◦04′13.44” N 28 August 2019 Mixed Land Use 4.16

18 75◦31′00.55” W 5◦04′08.76” N 6 August 2019 Mixed Land Use 5.92

19 75◦30′20.88” W 5◦04′07.18” N 8 August 2019 Mixed Land Use 6.52

20 75◦31′29.75” W 5◦04′17.44” N 1 August 2019 Mixed Land Use 7.53

21 75◦31′51.10” W 5◦03′21.28” N 6 August 2019 Mixed Land Use 5.03
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A dry dust sampler designed at the Spanish National Research Council (CSIC) was
used in the field campaigns. A description of the instrument is available elsewhere [8,35].
Briefly, the instrument consists of a PVC deposition chamber followed by a stainless
steel elutriation filter designed to allow passage to only PM10-grade material [23]. Road
sediments from the pavement of the active traffic lanes were sampled by suction (in a total
area of 3.0 m2 divided into three sections of 1.0 m2 each), using a vacuum pump (a 30 min
sampling was performed at each section with an air flow of 25 ± 2.5 L/min) powered
by a field generator (located at some distance downwind with respect to the sampling
area). These sediments were immediately resuspended in the deposition chamber. The
particles that were small and/or light enough to be carried by the air current continued
their journey through the system and entered the stainless steel elutriation filter. Finally,
the particles able to penetrate this barrier (PM10) were collected on 47 mm filters made of
quartz fiber (in Bogotá) and glass fiber (in Manizales). PM10 losses by sedimentation in
the deposition chamber have been shown to be negligible (on average only 0.6% and 0.1%
(in volume) of samples sieved at 250 μm and 63 μm, respectively) [35]. The surroundings
to the sampling point were observed for safety, traffic characteristics, road condition, and
land-use types [23,36].

Filters were baked at 500 ◦C for 12 h before sampling and then conditioned for 48 h at
a constant temperature and relative humidity (20 ± 2 ◦C and RH 50% ± 5%). The weight
of each filter was determined with a microbalance every 24 h. The mass fraction of road
dust per m2 (RD10) was calculated at each location by averaging the mass collected at the
three sampling points.

2.3. Chemical Analysis

After sampling, filters were kept refrigerated in the laboratory in a sealed bag protected
from light until analysis. The road dust mass fraction per m2 (RD10 load) at each site
was calculated by difference in filter weights before and after sample collection, and
averaging the mass collected after weighing three times (mg/m2). After the sample
weights were established, the filters were sent for destructive analysis at the “Laboratorio
de Análisis Ambiental de la Universidad Nacional de Costa Rica” (Heredia, Costa Rica).
Each filter was divided into small parts for the analysis of ions (3.5 cm2 approximately
for ion chromatography, IC), minerals, and trace elements (6.25 cm2 approximately for
inductively coupled plasma mass spectrometry, ICP-MS).

For mineral and trace elements, a portion of the impacted filter was acid-digested
using 10 mL of a mixture of HNO3 (5.55% v/v) and HCl (16.75% v/v) with deionized water.
Microwave heating for 15 min was used by temperature ramps that reached 200 ◦C. After
achieving 200 ◦C, the temperature was maintained for another 15 min. Then, this solution
was filtered through a quantitative filter and diluted with deionized water in a 25 mL
volumetric flask. A 15 mL aliquot was transferred to the sampler tubes of the spectroscope.
The digested samples were injected to the ICP-MS by a peristaltic pump to the nebulizer
system, where it was transformed into an aerosol due to the action of argon gas. The ions
that originated in the argon plasma were injected into the mass spectrometer, mass/charge
ratio was used for the identification.

Another portion of the filter was leached into 30 mL of deionized water in an ultrasonic
bath for 45 min for the extraction of water-soluble ions. The residual liquid was then filtered
through a membrane filter and diluted with deionized water in a 50 mL volumetric flask.
A portion of the liquid was taken then for further analysis by IC. Sulphate, nitrate, and
chloride ions were analyzed [37]. The blanks were submitted to the same chain of custody
and treatment as the samples. The Supplementary Materials Table S1 shows the calculations
made for the determination of charges for each chemical species.
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2.4. Enrichment Factors

Enrichment factors (EFs) were calculated for the fraction of road dust using Equation (1).
EFs have generally been used to determine the degree of enrichment from anthropogenic
sources in road dust [24].

EFElement =
(Element RD10/Reference RD10)

(Element Crust/Reference Crust)
(1)

where element is the concentration of the element under consideration and reference is the
concentration of the chosen referenced element. Subscripts indicate to which source the
concentration refers, sample (RD10) or the earth’s crust (Crust). EF values were calculated
based on the upper continental crust composition (see Supplementary Materials Table S2)
using aluminum as the reference element [38]. Aluminum was selected because it is one of
the most abundant elements in the earth’s crust, and it has been the most used normalizing
element in the geochemical literature [38,39]. The enrichment values of elements from
anthropogenic sources are classified according to the following ranges: minimal (EF = 1–2),
moderate (EF = 2–5), significant (EF = 5–20), very high (EF = 20–40), and extremely high
(EF > 40) [40].

2.5. Principal Component Analysis (PCA)

A PCA was carried out to explore qualitative contributions to the chemical composi-
tion of RD10 from different factors associated with sources such as brake wear, tire wear,
fugitive dust, industrial emissions, and natural emissions, among others. The factors
identified by PCA can be associated with emissions sources, but they do not represent the
actual sources. The application of a more refined receptor model was not possible due to
the lower number of samples. PCA was performed for the dataset recorded in Bogotá and
Manizales, and a varimax rotation (with Kaiser normalization) was applied to facilitate the
interpretation of the results. In general, this method of rotation maximizes the sum of the
variance of the squared loadings, where ‘loadings’ means correlations between variables
and factors. This usually results in high factor loadings for a smaller number of variables
and low factor loadings for the rest. The remaining components all have eigenvalues of
more than one. In simple terms, the result is that a small number of important variables
are highlighted, which makes it easier to interpret the principal component analysis [41].

3. Results and Discussion

3.1. RD10 Levels

The RD10 loadings observed in Bogotá (average 11.8 mg/m2, interquartile range
between 6.0–16.1 mg/m2) and Manizales (average 5.7 mg/m2, interquartile range between
2.4–7.2 mg/m2) were comparable to those reported for European cities such as Barcelona
(3.0–80.0 mg/m2), Birmingham (3.8–42.7 mg/m2), the Andalusia region (2.0–22.0 mg/m2),
and Turin (0.8–42.7 mg/m2), but they were higher than Girona (1.3–7.1 mg/m2), Porto
(0.1–0.9 mg/m2), Paris (0.7–2.2 mg/m2), and Zürich (0.2–1.3 mg/m2). However, RD10
values in Bogotá and Manizales were lower than New Delhi in India (44.0–106.0 mg/m2)
(Table 2).

RD10 loadings were higher and more variable in Bogotá than in Manizales (Figure 2,
panel a). The three highest loadings in Bogotá (45.8, 23.1, and 21.1 mg/m2 at ID points 8,
15, and 16, respectively, Figure 3) were sites located close to demolition/construction works
in the southwest of the city, the same area where ambient PM10 is frequently exceeded. In
Manizales, the three highest loadings (26.7, 11.7, and 8.5 mg/m2 at ID points 1, 2, and 4,
respectively, Figure 4) were found in sites with industrial activity and poor road pavement
conditions in the eastern areas.
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Table 2. Comparison of road dust loads from this study and others reported for different regions.

Source City Site Features RD10 (mg/m2) Season

[35] Barcelona, Spain

City Center—Urban Zone 3.0–23.0

Summer
Ring roads with heavy traffic 24.0–80.0

Urban tunnel 13.0

Demolition/construction area 2.5–471.0

[8]

Barcelona, Spain Urban Zone 3.7–23.1

Spring/
Summer

Girona, Spain
Urban Zone 1.3–7.1

Demolition/construction area 48.7

Zürich, Switzerland Urban Zone 0.2–1.3

[42] Andalucía, Spain Urban Zone 2.0–22.0 Summer

[21]
Birmingham, UK

High traffic highway 3.8–21.8

Dry seasonHigh traffic tunnel 3.0–36.1

New Delhi, India High traffic highway 44.0–106.0

[17] Paris, France
Urban Zone 0.7–2.2

Spring
Cobblestone pavement 10.3

[7] Porto, Portugal
Paved road 0.1–0.9

Summer
Cobblestone pavement 50.0

[43]

Barcelona, Spain Urban Zone 1.1–3.4 Summer

Turin, Italy

Urban Zone 0.8–8.8

Summer and winterRoads in proximity to unpaved parks 12.3

Demolition/construction area 11.5–42.7

Current study
Bogotá, Colombia Urban Zone 1.8–45.7

Dry season
Manizales, Colombia Urban Zone 0.8–26.7

 

Figure 2. Road dust loads boxplots (a) for Bogotá and Manizales and (b) grouped by land use for
Bogotá and Manizales—CLU: commercial land use; ILU—industrial land use; RLU—residential
land use.
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Figure 3. Spatial distribution of road dust loads in Bogotá.

 

Figure 4. Spatial distribution of road dust loads in Manizales.

Differences in RD10 levels in Bogotá and Manizales can be partially explained by
urban planning. As it can be identified from Figures 3 and 4, Manizales displays a central
axis of commercial activity surrounded by residential areas. The industrial sector is located
mainly towards the southeastern areas of the city. In contrast, industrial facilities in Bogotá
are spread in the central and southwestern areas of the city, in conjunction with residential
and commercial areas. These differences in land-use features determine, in part, levels of
RD10. The higher values in Bogotá were not only attributed to industrial zones but to areas
with a mix of industries, heavy traffic, commercial facilities, and poor road condition, in
addition to building and road construction.

Dust loadings in residential areas in Bogotá were larger than those observed in com-
mercial or industrial zones. In contrast, RD10 levels were the highest under industrial land
use in Manizales. Residential areas showed the lowest values (Figure 2, panel b). As it
was described, urban development in Bogotá has resulted in zones where industrial and
commercial sectors coexist with residential use. One of such zones is the southwest of
the city (Figure 3). This area has heavy traffic, a higher fraction of unpaved roads and
poor pavement conditions, quarrying/mining activity, and the presence of eroded soils. In
Manizales, areas categorized under industrial land use also show heavy vehicular traffic
and poor pavement quality, which explains the highest RD10 values. In residential areas
with predominance of light vehicle circulation, dust loadings were the lowest (average
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2.37 mg/m2). Lastly, in areas with mixed land use (institutional, commercial, and services),
the average RD10 was 4.58 mg/m2 (Figure 2, panel b and Figure 4).

3.2. Chemical Profile

Mineral elements such as Al, Ca, Fe, K, Mg, Mn, Na, and Ti represented 9.0% the
total RD10 mass in Bogotá, with an average load of 1020 μg/m2; meanwhile, mineral
contribution in Manizales comprised 37.8% of the RD10 mass (1952 μg/m2). Mineral
compounds are abundant in the thoracic fraction of road dust [25] and can influence the
mass percentage distribution. The mineral fraction was significantly larger in Manizales
than Bogotá (Figure 5a). However, other studies have found greater contributions of
the mineral component in RD10 in Colombia, 62% ± 26% in Bogotá and 23% ± 18% in
Barranquilla [24,25]. In cities such as Barcelona, New Delhi, and Fushun, the contribution
was found to be in the range of 25–35% [21,35,44]. The contribution percentages of the
main elements to total mass might be underestimated due to the fact that elements such as
metalloids (Si), oxides (Al2O3, CO3

−2, SiO2), and organic matter were not analyzed.

 

Figure 5. Total load of (a) mineral elements, (b) ions, and (c) trace elements determined for Bogotá
and Manizales.

The fraction of water-soluble ions (SO4
−2, NO3

− and Cl−) represented less than
1.0% of the total mass in Bogotá (average load 51.52 μg/m2) and Manizales (average
load 26.64 μg/m2) (Figure 5b). Previously, a larger ions contribution of 3.8% ± 1.1% was
observed in Bogotá [24], similar to Barcelona, Spain (2.4%) [35], but higher than Fushun,
China (0.5%) [44].

Trace metals (Ag, As, Be, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, and V), with an
average load of 5.54 μg/m2 and 7.48 μg/m2, represented 0.05% and 0.13% of the total mass
captured from RD10 in Bogotá and Manizales, respectively (Figure 5c). In Bogotá, Barcelona,
and Fushun, trace metals represented 0.5%, 0.36%, and 0.66%, respectively [24,35,44]. The
Supplementary Materials Table S3 shows results of each of the chemical species analyzed.

In Bogotá, 89.4% of the mineral load was composed of four crustal metals: Al (33.6%),
Ca (28.0%), Fe (19.5%), and Na (8.3%). The origin of these metals can be associated to:
(i) poor road condition and unpaved roads; (ii) low or null vegetation cover [45]; (iii) road
and building construction [17,35]; and (iv) quarries and mining areas [46] (Figure 6a). In
Manizales, five crustal elements comprised 92.8% of the mineral components: Na (34.3%),
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Al (20.5%), K (14.1%), Ca (14.0%), and Fe (9.9%). The sources of these elements are mainly
related to the resuspension of fugitive dust (earth’s crust material of volcanic geological
formation, Figure 6b). In effect, previous studies in the Manizales area have highlighted
the presence of high contents of Si, Al, and Fe, as well as compounds such as plagioclase
feldspar (Ca-Na) and volcanic glass, among others, in the chemical composition of the soil
derived from volcanic ash [47]. Likewise, Trejos et al. [36] found traces of volcanic ash,
such as hydrated complexes of Al, Si, and K; heavy metals like As, Hg, Cd, and Pb; and
specific compounds, such as ammonia salt and plagioclase feldspar (Ca-Na), in soil dust
from Manizales. This volcanic influence may explain the higher loads of Al, K, and Na in
Manizales in comparison to Bogotá (Figure 7).

Figure 6. Average composition of main elements for: (a) Bogotá and (b) Manizales.

Figure 7. Individual load of main elements obtained in Bogotá and Manizales.

Despite their low fraction in mass, sulphate and nitrate were the most abundant
ions in soil dust in Bogotá and Manizales (Figure 8). The precursors of these compounds
are associated with pavement wear [46], vehicle exhaust emissions, and formation of
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secondary inorganic aerosols [48,49]. Cl− showed a contribution of 7.4% in Bogotá and
20.9% in Manizales. The latter is mainly associated with the composition of soils derived
from volcanic ash, where Cl−, HCO3

−, and SO4
−2 predominate among soluble anions [47]

and the deposition of secondary particles formed from precursor gases, such as HCl [24],
emitted from the Nevado del Ruiz volcano.

Figure 8. Water-soluble ion distribution for (a) Bogotá and (b) Manizales.

Trace elements, such as Cu, Pb, Cr, Ni, V, and Sb, comprised 96.0% of the mass at-
tributed to this component in Bogotá (Figure 9). These metals are commonly associated
with vehicle exhaust emissions, especially the use of antioxidants, additives, and lubri-
cants (Cu and Pb), mechanical abrasion (Cu), and tire/brake wear (Cu, Pb, Ni, V, and
Sb) [10,17,19]. In the case of Manizales, the contents of Cu and Pb were lower, but there
was a significant mass of Mo (11%) in comparison to Bogotá (Figure 9). Molybdenum is
mainly associated with emissions from the steel industry [50,51] and brake wear [42]. Both
situations are relevant in Manizales, with a relatively large industrial sector and a complex
topography that requires a strong use of brakes in steep streets with slopes that could be
greater than 22% [52].

Figure 9. Average composition of traces for Bogotá and Manizales.
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3.3. Source Exploration by EFs

Enrichment factors were estimated with the aim to explore the anthropogenic influence
of some crustal elements (Ca, Fe, K, and Mn) and trace metals (As, Co, Cr, Cu, Mo, Ni, Pb,
Sb, Se, and V). Aluminum was used as a reference element, given its abundance in the
upper continental crust. In Bogotá, EFs showed extremely high values (EF > 40) for Mo
and Sb; very high (20 < EF < 40) for Cu and Pb; high (5 < EF < 20) for Ni, Se, and Cr; and
moderate (EF < 5) for Ca, Fe, V, and As. In Manizales, EFs were extremely high (EF > 40)
for Mo, Se, Sb, and Mn; very high (20 < EF < 40) for Cu and As; high (5 < EF < 20) for Ni,
Cr, and Pb; and moderate (1 < EF < 5) for K, Ca, V, Co, and Fe (Figure 10).

Figure 10. Enrichment factors in Bogotá and Manizales.

The presence of Sb, Ba, Cu, Fe, and Mn in road dust samples can be associated with
brake wear [53]. Antimony was, in particular, the element that recorded the highest levels
of enrichment in Bogotá (EF = 271), and it was among the highest in Manizales (EF = 130).
Despite the relatively low number of vehicles (169,142), the complex topography and steep
roads in Manizales imply the heavy use of brakes [36]. In Bogotá, the greater vehicular
volume (approximately 2 million vehicles) and traffic congestion explain the frequent use
of brakes.

The EF of Sb was higher than those reported in high-traffic cities such as Moscow,
Russia (EF = 44) [19] and those registered in some roads in Barranquilla (EF close to
100) [25], but it was similar, and even lower, than those observed in high traffic roads
in Viana do Castelo, Portugal (100 < EF <1000) [13]. Ramírez et al. [24] reported a Sb
enrichment factor close to 140 for commercial-use areas in Bogotá, which was lower than
those found in this study. In accordance with the chemical composition of the brake pads,
a Cu/Sb ratio > 7 has been proposed for brake wear emissions in road dust [21,35]. An
average Cu/Sb ratio of 7.6 for Bogotá and 9.2 for Manizales was observed, confirming the
relevant contribution of brake wear to road dust.

Molybdenum registered an enrichment factor eight times higher in Manizales
(EF = 1213) than Bogotá (EF = 151). The obtained EF values of Mb in cities such as Moscow
(EF = 7) [19] and Toronto (EF = 0.9) [51] were much lower than the values observed in
Colombia. Molybdenum has been associated with various industrial emissions, mainly
those related to incinerators and with the mechanical/metallurgical industry [19]. Likewise,
Mo is associated with brake pad abrasion [51]. A high correlation of Mo with Co (0.96), Hg
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(0.73), Pb (0.74), Se (0.61), and V (0.94) in Manizales suggests a common source of origin,
related with the industrial activity in the city (see Supplementary Materials Figure S1). In
addition, the high correlation of Mo with elements found in volcanic ash, such as Cd (1.0),
Pb (0.74), V (0.94), and Fe (0.84), suggests a potential contribution of volcanic emissions to
the observed enrichment levels [36].

Selenium showed the second-highest EF value in Manizales (EF = 576), a level that
was higher than those reported in Bogotá [24] and Viana do Castelo [13]. The enrichment
of Se is commonly associated with anthropogenic emissions, including combustion (coal,
oil, wood, and biomass), non-ferrous melting, manufacturing, and use of agricultural
products. The correlations of Se with As (0.63), Cd (0.62), Mo (0.61), and V (0.63) (Figure S1)
suggest a contribution from industrial activity and possible influence of the Nevado del
Ruiz volcano [24,36,54].

Cu, Pb, Ni, and Cr presented high and very high EFs (5 < EF <40), widely associated
with mechanical abrasion and tire/brake wear [19,24,51]. In Manizales, As also showed a
high EF, possibly associated with coal combustion [55] and volcanic emissions (moderate
correlation of As with SO4

−2 (0.62) and Se (0.63)).

3.4. Factors Associated to Sources in PCA Analysis

In the PCA analysis, 92.2% of the total variance could be explained by five factors in
Bogotá and six factors in Manizales (Table 3). Factors that explain at least 10.0% of the data
variability were considered. In Bogotá, PC1 explained 42.3% of the variance and showed
high correlations with elements associated with dust resuspension, pavement wear, road
traffic, and the use of antioxidants, additives, and vehicle lubricants (V, Al, Fe, Ti, As,
K, Pb, Co, Mn, Ca, and Cr) [10,17]. PC2, explaining 25.9% of the variance, showed high
correlations with Se, Na, NO3, and Mg and a moderate relation with SO4 and Ca. PC2
is associated with construction/demolition activities [35,46]. Lastly, PC3 (16.7% variance
explained) is influenced by non-exhaust trace elements, such as Sb, Cu, Mo, and Ni [19].

In Manizales, the first component (PC1) explained 37.8% of the total variance and had
high correlations with Co, V, Mo, Cd, Fe, Ca, Pb, Mg, and Ti, suggesting an influence of
tire and brake wear, as well as combustion processes [42,50,51]. PC2, a component that
explained 18.7% of the total variance, was mainly influenced by SO4, As, and K with a lower
influence of Sb, Mg, Ti, Al, and Cr. This factor may be associated with the road abrasion
and volcanic ash emissions [24,36]. Lastly, PC3 (10.1% of the variance) was correlated with
Na, K, and Al, suggesting a contribution related to the resuspension of fugitive dust and
volcanic ash [36,47].

Table 3. Rotated component of PCA for road dust in Bogotá (n = 20) and Manizales (n = 14). Only significant values (>0.32)
are presented. Highest values (>0.7) are shown in red.

Rotated Component Matrix a—RD10 Bogotá Rotated Component Matrix b—RD10 Manizales

Element PC1 PC2 PC3 PC4 Element PC1 PC2 PC3 PC4 PC5 PC6

V 0.97 Co 0.98

Al 0.96 V 0.97

Fe 0.96 Mo 0.96

Ti 0.92 Cd 0.96

As 0.85 0.35 Fe 0.91

K 0.82 0.52 Ca 0.83

Pb 0.78 0.4 Pb 0.79 0.49
Co 0.78 0.47 Mg 0.75 0.54
Mn 0.77 0.57 Ti 0.71 0.54
Ca 0.75 0.61 SO4 0.90

Cr 0.71 0.38 0.52 As 0.35 0.79

Se 0.34 0.90 K 0.77 0.55
Na 0.33 0.88 Na 0.49 0.72 0.38
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Table 3. Cont.

Rotated Component Matrix a—RD10 Bogotá Rotated Component Matrix b—RD10 Manizales

Element PC1 PC2 PC3 PC4 Element PC1 PC2 PC3 PC4 PC5 PC6

NO3 0.88 Ni 0.86

Mg 0.54 0.77 Mn 0.97

Sb 0.86 NO3 0.90

Cu 0.35 0.36 0.83 Cu 0.43 0.39 0.53 0.52
Mo 0.45 0.80 Sb 0.61 0.46
Ni 0.72 0.42 Al 0.58 0.52 0.5
Cl 0.92 Se 0.56 0.37 0.4 −0.38

SO4 0.49 0.63 0.55 Cr 0.52 −0.66
Cd Cl −0.84

Eigenvalues 8.9 5.4 3.5 1.5 Eigenvalues 8.3 4.1 2.2 2.1 1.9 1.7
Variance

(%)
42.3 25.9 16.7 7.2 Variance

(%)
37.8 18.7 10.1 9.3 8.5 7.7

Cum. (%) 42.3 68.3 85.0 92.2 Cum. (%) 37.8 56.5 66.6 76 84.5 92.2
Extraction method: principal component analysis. Rotation method: varimax with Kaiser normalization. a Rotation converged in
6 iterations. b Rotation converged in 14 iterations.

4. Conclusions

Road dust loadings and chemical composition were investigated in two Andean
cities with different sizes, urban planning, and emission sources. RD10 levels were larger
in Bogotá (average of 11.8 mg/m2) than in Manizales (average of 5.7 mg/m2) due to
a higher vehicular volume and a large mix of land use features. Residential areas in
Manizales showed the lowest RD10 values (average of 2.4 mg/m2), whereas industrial
zones contributed the largest dust loadings (average of 13.1 mg/m2). Residential areas
mixed with industrial and commercial activity showed significant levels of road dust in
Bogotá (average of 13.4 mg/m2). Construction and demolition activities were identified as
relevant emitters of road dust (dust loadings between 45.8–21.1 mg/m2).

Crustal elements (Al, Ca, Fe, K, and Na) were the most abundant elements in road
dust in both cities. The complex topography in Manizales and the closeness to the Nevado
del Ruiz volcano explain the high levels of crustal and trace metals in road dust, especially
Mo, Se, Sb, and Mn. The volcanic activity was also associated with SO4

−2 and Cl−. In
Bogotá, Cu, Pb, Cr, Ni, V, Sb, and Mo were associated with combustion and non-exhaust
(brake, tire, and road wear) emissions. Finally, the study of the influential factors and
chemical composition of road dust, as well as its spatial variability, is crucial for public
agencies and research centers to identify the origins of PM, formulate mitigation measures,
and identify possible adverse effects on the population.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12091109/s1, Figure S1: Correlation matrix of chemically analyzed elements for road
dust in the cities of (a) Bogota and (b) Manizales, Table S1: Calculation methodology for determining
loads in RD10, Table S2: Concentrations in upper continental crust, Table S3: Results of chemical
species analyzed for each city.
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Abstract: The chemical and particle size composition of road dust in Surgut, which is a rapidly
developing city in Western Siberia, was studied for the first time. Contents of major and trace
elements were determined using ICP-MS and ICP-AES, respectively. It was found that the road dust
had an alkaline pH (from 7.54 to 9.38) and that the particle size composition was dominated by the
100–250-μm fraction. The contamination assessment based on calculations of the enrichment factor
(EF) showed that the road dust was significantly enriched in Sb and Cu and moderately enriched in
Zn, Pb, Mo, Ni and W. The sources of these elements are probably associated with the abrasion of
car tires and brake pads. Based on calculations of global pollution index (PIr) and total enrichment
factor (Ze), the road dust of Surgut was characterized by a generally low level of potential ecological
risk, except for stretches of road subject to regular traffic jams, where a moderate ecological risk level
was identified. In comparison to the other Russian cities (Moscow, Chelyabinsk, Tyumen, etc.) where
studies of road dust composition have been carried out, Surgut had similar contents of Cr and Cu
and relatively lower contents of Sb, Cd, As and Pb.

Keywords: Western Siberia; urban pollution; road dust; potentially toxic elements; traffic-related
contamination

1. Introduction

Road dust is currently one of the main materials used in assessments of the ecological
state of urban and industrial environments. Studies on road dust composition help to
assess the total accumulation of pollutants from the atmosphere, soils and technogenic
sources and to forecast the effects of those pollutants on human health. The advantages of
using road dust in such assessments include its ease of sampling, ubiquity and non-point
source nature, as well as its strong relationship with car exhaust emissions [1].

The road dust deposited within transport zones is regarded as a multicomponent mix-
ture of different fractions that are formed as a result of soil erosion, abrasion of road surfaces
and vehicle parts, incomplete combustion of fuel, application of de-icing agents, etc. [2–5].
Particles of road dust can accumulate many potentially toxic metals, metalloids and organic
compounds [6–9]. The deposition rates of road dust and its chemical composition depend
on factors such as vehicle emissions; abrasion of road tarmac, road markings, car tires
and brake pads; and the corrosion of metal parts of vehicles, as well as traffic densities,
speed and frequencies of car maneuvers such as braking and stopping [10–12]. At the same
time, resuspended particles can be one of the most important sources of microparticles in
the atmosphere [13]. The high concentration of harmful substances in the dust makes it
hazardous to human health. Microparticles can be lifted by air currents and inhaled by
humans and, therefore, increase the risks of respiratory, cardiovascular and oncological
diseases [14]. Globally, road dust is a major source of inhalable particulate matter in any
urban environment [15].
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According to the Russian Federal Service for State Statistics, 75% of the country’s
population live in cities [16]. Numerous studies have reported that transport-related air
pollution is one of the dominant sources of urban air pollution and is a continuously con-
tributing emission [17–19]. In many cities of Russia, numerous dangerous environmental
situations resulting from atmospheric air pollution have been repeatedly noted [20,21].
Therefore, ecological assessments of such cities are highly important for providing comfort-
able and safe conditions for their residents. However, the majority of such assessments are
conducted in large cities, with a lack of attention given to medium-sized and smaller cities.

There have been few studies on road dust within the territory of the former Soviet Union.
Determinations of road dust composition have been carried out in Moscow [13,22–26], cities
of the Perm Region [27], Chelyabinsk [20] and Alushta [28]. In Tyumen (West Siberia),
Konstantinova et al. [29] have analyzed 20 samples of road dust, which were found to have
high concentrations of Cr, Ni and Co.

Surgut has one of the highest concentrations of motorized vehicles in Russia, with
about 200,000 vehicles registered within this city. Busy highways running through Surgut
connect different cities and numerous oil fields of Western Siberia. There is also a railway
running across Surgut. The city streets and roads have a total length of 266.7 km, which
corresponds to about 10% of the total area of urban constructions [30]. Such a high intensity
of traffic has negative effects on the health of Surgut residents, in particular elevating the
risks of cancer [31]. Traffic densities within the city drastically increase during certain peak
hours of the mornings and evenings, when the traffic becomes very heavy and moves at an
average speed of less than 10 km per hour. Nevertheless, the impacts of such traffic on the
content of trace elements, including potentially toxic elements (PTEs), within the road dust
of Surgut have not been studied until the present time. The objectives of this study were as
follows: (i) to determine the total concentrations of major and trace elements, including
PTEs, in the road dust of Surgut city, (ii) to assess the degree of contamination using
contamination indices, (iii) to identify the potential sources of PTEs and (iv) to evaluate the
human health risks of road dust.

2. Materials and Methods

2.1. Study Area

Surgut is located in the center of the West Siberian Plain, within the taiga zone. The
climate is continental, with a mean annual temperature of −1.8 ◦C and a mean annual pre-
cipitation of 652 mm [32]. Southern and western winds prevail. The rapid development of
Surgut began in the 1960s, following the discovery of numerous oil fields in the vicinities of
the city. The population of Surgut grew from just over 6 thousand people in the early 1960s
to 200 thousand in the mid-1980s and has reached nearly 400 thousand at the present time.

Surgut is one of the fastest growing cities in Russia. It is characterized by well-
developed power engineering, food production, printing, building, publishing and sewing
industries. Surgut’s two largest gas-fired power stations, with a total output of 8.9 thousand
MW, provide most of the regional power supply.

The ecological conditions of Surgut have been insufficiently studied, with only very
few assessments within small areas. It has been found that the snowpack in Surgut is
contaminated by heavy metals [33] and that Pb concentration in road-side soils exceeds
its maximal permissible concentration [34]. Dumps of domestic and industrial waste also
negatively affect the surrounding soils, where heavy metal concentrations exceed their
maximal levels according to the ecological standards [35]. Moreover, there is a lack of data
on the composition of the native soils of the Surgut region. It is only known that sandy soils
with low contents of trace elements prevail within the Fedorovskoye Oil Field at distances
of 20–50 km to the north of Surgut [36,37].

2.2. Sampling and Laboratory Analyses

Road dust sampling was undertaken in July 2021 during dry weather periods, i.e., no
less than 36 h after any low-intensity rainfall. Samples of 200–300 g each were collected from
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road surfaces within 1 × 1 quadrats using a plastic brush and a scoop, placed into plastic
bags and delivered to the laboratory. Sampling sites were located on roads with different
traffic densities within different land use areas of the city. High, moderate and low traffic
densities corresponded to >2, 1–2 and <1 thousand cars per hour. The traffic data were
sourced from the municipal program for the development of transport infrastructure in
Surgut [30]. The different types of land use were recorded at the sampling sites as follows:

(1) Industrial and warehouse area.
(2) High-rise residential area.
(3) Low-rise residential area.
(4) Power plant area.
(5) Public and business area.
(6) Transport hubs (railway station and airport).

A total of 25 samples were taken. It has been shown that a relatively low number of
samples (16–31) is sufficient for evaluating the level of pollution of road dust in cities with
a medium population, e.g., Thessaloniki, Greece [38], Ma’an City, Jordan [39] and Sakaka
city, Saudi Arabia [40]. Locations of the sampling sites are shown in Figure 1. A detailed
description of the sampling sites is presented in Supplementary Materials, Table S1.

 

Figure 1. Sampling sites and land use areas within the city of Surgut: 1—sampling sites; 2—power
plants; 3—airport; 4—city border; 5—transport area; 6—industrial and warehouse area; 7—public and
business area; 8—power plant area; 9—low-rise area; 10—high-rise residential area; 11—recreation
area, urban forests, green spaces.

In the laboratory, the samples were passed through a sieve with an aperture of 1 mm
in order to remove coarse inclusions (fragments of plants, rubbish, etc.). Although the
pollutant concentrations in fine fractions (PM1 and PM10) of road dust are known to be
higher than those in coarse fractions [13], we analyzed bulk samples in order to be able to
compare our results from Surgut with the data from other cities. Bulk samples have been
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used in the majority of studies on road dust composition, whereas fine fractions have been
separately analyzed in only a few studies [7,13,26,41].

The pH values were measured potentiometrically in continuously mixed 1:2.5 dust:water
suspensions using a Starter3100 conductivity meter (OHAUS, Baden-Wuerttemberg, Ger-
many). The particle size distribution was determined using a Mastersizer 3000 laser
diffraction particle size analyzer. Concentrations of 54 trace elements (Li, Be, Sc, V, Cr, Co,
Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Rh, Pd, Ag, Cd, Sn, Sb, Te, Cs, Ba, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Ir, Pt, Au, Hg, Tl, Pb, Bi,
Th, U) and 8 major elements in weight percent oxide for the particulate fraction (Na2O,
MgO, Al2O3, P2O5, S, K2O, CaO, Fe2O3) were measured by inductively coupled plasma
mass spectrometry (ICP-MS) (Thermo Elemental—X7 spectrometer, Omaha, NE, USA) and
inductively coupled plasma atom emission spectrometry (ICP-AES) (Thermo Scientific
iCAP-6500 spectrometer, Thermo Fisher Scientific, Waltham, MA, USA), respectively. The
analyzed samples, 100 mg each, were prepared by acid digestion in an open beaker system.
The samples were placed in Teflon beakers (volume 50 mL); 0.1 mL of a solution containing
8 μg dm−3 145Nd, 61Dy and 174Yb was added (control of the chemical yield during the
sample decomposition procedure); and the mixture was moistened with several drops of
deionized water. Then, 0.5 mL of HClO4 (perchloric acid fuming 70% Supratur, Merck),
3 mL of HF (hydrofluoric acid 40% GR, ISO, Merck KGaA, Darmstadt, Germany) and
0.5 mL of HNO3 (nitric acid 65%, max. 0.0000005%% GR, ISO, Merck) were added and
evaporated until intense white vapors appeared. The beakers were cooled, their walls were
washed with water and the solution was again evaporated to wet salts. Then, 2 mL of HCl
(hydrochloric acid fuming 37% OR, ISO, Merck KGaA, Darmstadt, Germany) and 0.2 mL
of 0.1 M H3BO3 solution (analytical grade) were added and evaporated to a volume of
0.5–0.7 mL. The resulting solutions were transferred into polyethylene bottles, 0.1 mL of a
solution containing 10 mg L−1 In (internal standard) was added, diluted with deionized
water to 20 mL and analysis was performed.

In addition to the studied samples, measurements were also taken for the blank and
reference samples. We used the certified reference materials for soils—Gabbro Essexit
STD-2A (GSO 8670-2005) and Andesite AGV-2 (United States Geological Survey)—in order
to verify the accuracy of determinations. The comparison with the standard samples
showed a sufficient repeatability (85–115%) for the majority of the analyzed elements,
except for Sn (59%), Ba (70%), Ag (153%), Mo (78%) and W (63%), the measurements of
which were excluded from the calculations. The analysis was performed in the Institute of
Microelectronics Technology and High Purity Materials (Russian Academy of Sciences). The
methods, recoveries, detection limits (DLs) and analytical results of the certified reference
materials are given in the Supplementary Materials (Table S2).

2.3. Calculations and Data Processing

The processing of the statistical data was performed using Statistica 10.0 software
(TIBCO, Palo Alto, CA, USA). Statistical parameters of the road dust composition (mean,
standard deviation, maximum and minimum values) were determined. The significance of
differences between the mean values for roads with different traffic intensities was assessed
using the Mann–Whitney test.

Assessments carried out by two or more methods can improve the accuracy of the
assessment result [42]. Therefore, to improve the accuracy of the result and make the assess-
ment more comprehensive and systematic, additional methods were applied. Assessments
of road dust contamination levels were based on calculations of generally accepted indices,
including the global pollution index (PIr), enrichment factor (EF) and potential ecological
risk index (Ei

r), as well as the total potential ecological risk index (RI) and total enrichment
factor (Ze), the latter being commonly used in Russia.

The values of PIr were calculated using the following equation:

PIr = Cr/K, (1)
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where Cr is the concentration of an element in road dust and K is the concentration of the
same element in the upper continental crust [13].

The EF of an element, which is an important parameter for evaluating the contribution
of human impact to its enrichment, is the normalization of a measured element against a
reference element in a studied sample [43]. The EF was calculated according to the equation:

EF =
Cx

CAl
(sample) /

Cx
CAl

(crust), (2)

where Cx (sample) is the measured concentration of the element of interest, Cx (crust) is the
concentration of the same element in the Earth’s crust and CAl is the concentration of the
reference element (aluminum) in the same sample or the Earth’s crust. Aluminum is most
commonly used for calculations of EF [44–46]. The low mobility and crustal abundance
of Al makes it a suitable reference element. The composition of the upper continental
crust was used as a reference for normalization because of the lack of a background
analogue for road dust, which is a specific anthropogenic object [13]. The same method
of calculation was applied in the other Russian cities studied [13,20,24,26,28]. The use of
world average values in the continental crust is acceptable only within regions where there
are no geochemical anomalies associated with the features of the geological structure. In
this case, the element contents of soils, which are the source of particles in the atmosphere,
are close to continental crust values. According to the scientific research on the contents
of some heavy metals and metalloids in Western Siberia soils [47,48], they are not very
different from continental crust values. Indeed, the average contents of the elements in the
soils of Western Siberia are as follows (mg kg−1): Co—13, Cr—84, Cu—31, Ni—42, Pb—18,
Zn—73 and Zr—295 [47]. These values are quite close to continental crust values according
to Rudnick and Gao [49]. Therefore, comparisons with the distribution of elements in the
Earth’s crust are considered reasonable.

The potential ecological risk index Ei
r, which characterizes the degree of the ecological

risk of a single element [50], was calculated by using the following equation:

Ei
r = PIr·Ti

r (3)

where PIr is the global pollution index and Ti
r is the toxicity response coefficient. This index

provides for the probability assessment of adverse ecological effects caused by exposure
by to one or more pollutants [44]. In this study, we used the response Ti

r values according
to [50] as follows: Zn, Mn, Fe, W, Sr = 1; Cr, Mo, Sn, Sb = 2; Pb, Cu, Co, Ni = 5; As = 10
and Cd = 30. For risk assessments, we adopted the following gradation: Ei

ri < 40 describes
low risk; 40 < Ei

r < 80 indicates moderate risk; 80 < Ei
r < 160 indicates considerable risk;

160 < Ei
r < 320 indicates high risk; and Ei

r > 320 indicates extreme risk [50,51].
The total rate of accumulation of PTEs and other chemical elements was estimated

using two indices, the total potential ecological risk index (RI) and the total enrichment
factor (Ze), because the use of different indices provides for the most accurate assessment
of the ecological situation. The RI index, which characterizes the overall degree of the
ecological risk of all metals under investigation [50], was calculated according to equation:

RI = ∑ Ei
r (4)

where Ei
r is a potential ecological risk index of a single element. Risk levels were graded as

follows: RI < 150, low; 150 < RI < 300, moderate; 300 < RI < 600, considerable and RI > 600,
high ecological risk.

The values Ze were calculated using the following equation:

Ze = ∑EF − (n − 1) (5)

where EF of n elements with EF > 1.5 were summed up [24].
Criteria for assessment of road dust contamination are presented in Table 1.
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Table 1. Grades of enrichment factor (EF), potential ecological risk index (Ei
r), total potential ecological

risk index (RI) and total enrichment factor (Ze).

Enrichment Factor Potential Ecological Risk Index
Total Potential

Ecological Risk Index
Total Enrichment Factor

EF values Enrichment
level [1] Ei

r grades [50]
RI

values RI levels [50] Ze values Environmental
hazards [13,25,26]

EF ≤ 2 Minimal Ei
r < 40 Low RI < 150 Low <32 Non-hazardous

2 < EF ≤ 5 Moderate 40 < Ei
r < 80 Moderate 150 ≤ RI < 300 Moderate 32–64 Moderately

dangerous
5 < EF ≤ 20 Significant 80 < Ei

r < 160 Considerable 200 ≤ RI < 600 High 64–128 Dangerous
20 < EF ≤ 40 Very High 160 < Ei

r < 320 High RI ≥ 600 Very High 128–256 Very dangerous

Varimax-rotated principal component analysis (PCA) was applied to investigate the
sources of PTEs. PCA is widely used to reduce data and to extract a small number of
latent factors (principal components, PCs) for analyzing relationships among the observed
variables [52].

The influence of road dust on the health of the Surgut population was evaluated using
the U.S. Environmental Protection Agency (EPA) human health evaluation method [53].
This method implies that dust can induce negative effects when it is assimilated by the
human body in three different pathways—ingestion, inhalation and dermal contact. Car-
cinogenic and non-carcinogenic risks can be calculated by summing up the risks from the
three exposure pathways.

The calculations of such risks were based on the average daily dose (ADD) of the total
assimilation of a certain element in three different ways. The equations and parameter
values used for the calculations are presented in Table S3. Following the ADD calculations,
we conducted determinations of non-carcinogenic hazard quotient (HQ) and carcinogenic
risk assessment (CRA) using the following equation:

HQ = ADD/RfD,

where reference dose RfD (mg kg−1 day−1) is an estimation of the maximum permissible
risks to the human population through daily exposure with consideration of sensitive
groups during their lifetime.

Hazard index (HI), the sum of HQ(Ing/Der/Inh), was used by us to estimate the
health risk of different exposure pathways. HI values of ≤1 indicate no adverse health
effects and HI values > 1 indicate possible adverse health effects [54].

For carcinogenic risk (CRA), the dose was multiplied by the corresponding slope factor
(SF) to produce an estimate of cancer risk [55] as follows:

CRA = ADD ing, dermal, inh × SF

Total cancer risk (CRAsum) was calculated as the sum of CRA for three exposure
pathways (ingestion, inhalation and dermal contact).

3. Results

3.1. The pH and Particle Size Distribution

The analyzed dust had an alkaline reaction, with a pH ranging from 7.54 to 9.38. The
roads with low, moderate and high traffic densities were characterized by mean pH values
of 8.04, 7.80 and 7.82, respectively. The data on road dust pH in other cities of the world
fall within generally the same range, between 7 and 9.5 [56–59]. The alkaline reaction of
city road dust is explained by the presence of microparticles of building materials as well
as different pollutants originating from vehicle exhaust emissions. Acidifying gaseous
compounds (mainly nitrogen oxides) of car exhausts are removed by air currents, whereas
alkaline particulate matter stays on the road surface. According to [34], the urban soils of
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Surgut have neutral and alkaline pH values, as opposed to acid background soils around
the city.

The particle size distribution of road dust was characterized by the predominance of
the 100–250-μm size fraction (fine sand), which ranged from 19.5 to 50.1% with a mean of
39%. The content of the 100–250-μm size fraction (very fine sand) was significantly lower,
with a mean of 14.4%. Sand-sized particles (>50 μm) composed between 45 and 95% of
the total mass (with a mean of 82.5%). The 2–10-μm size fraction and the 10–50-μm size
fraction had mean contents of 3.2 and 13.8%, respectively. The content of clay (<2 μm)
ranged from 0.1 to 2.5%.

Sand (mainly fine sand) is known to be the predominant particle size fraction of road
dust in many Russian cities. For example, in Chelyabinsk, which is not very far from Surgut,
road dust is characterized by the predominance of particles from 30 to 300 μm [21]. In
Moscow, road dust has the following mean contents of fractions: PM1—1.8%, PM10—12.8%,
10–50-μm size fraction—16.3% and >50 μm size fraction—69.1% [24]. The predominance of
coarse particles in road dust has been reported from many cities of the world. For example,
the urban sediments collected from Manchester were made up primarily of medium sand-
sized particles ranging in size from 200 to 300 μm [60]. The 125–500-μm fraction was
prevalent in the road dust of Thessaloniki, Greece [38].

It is generally believed that the predominance of particles of 180–240 μm in road
dust is indicative of deposition of soil particles together with particles produced by the
movement of vehicles, i.e., the abrasion of road surfaces, tires and metal parts of cars [61].
Smaller particles usually originate from industrial emissions [21]. It has been found that
dust from metallurgical enterprises has a median particle size ranging from 1.0 to 200 mm
and volumes of PM10 from 10 to 84% depending on the technological processes and the raw
materials used [62]. Therefore, the composition of road dust from Surgut mainly resulted
from the deposition of soil particles and particles produced by traffic, with only a low
contribution of particles originating from industrial plants.

The distribution of fractions of road dust depending on traffic densities is shown in
Table 2. The highest contents of PM10 particles, which are easily carried by winds and create
the highest risks for human health, were observed on roads with moderate and high traffic
densities. The lowest contents of fine particles combined with the predominance of sand
were found on small roads with low traffic densities. However, such differences between
the roads with different traffic intensities were only very small. The Mann–Whitney test
showed that the differences between the mean values of contents of those particle size
fractions were insignificant. The highest percentage (26.5%) of fine (<50 μm) particles was
found within the public and business area, which is located in the southern part of Surgut
(sampling sites 16–18, see Figure 1). Such a high content of fine particles can be explained
by the predominance of fine-textured alluvial soils within that area.

3.2. The Chemical Composition of Road Dust

Summary statistics for the studied chemical element contents in the road dust of
Surgut are presented in Table 3. The predominant major elements include Al2O3 (with a
mean of 4.2%), CaO (3.9%), MgO (2.8%) and Fe2O3 (2.4%), with the other major elements
having mean contents of <1%. The upper part of continental Earth’s crust has a different
descending order of major element concentrations: Al2O3 (15.4%), Fe2O3 (5.0%), CaO
(3.6%), Na2O (3.27%), K2O (2.8%) and MgO (2.48%), according to [49]. In comparison
with the latter, Surgut’s road dust has relatively low contents of aluminum and iron but a
relatively high content of magnesium.

The majority of trace elements in the road dust had lower contents as compared to
those in the upper part of the continental Earth’s crust, which was indicated by the PIr
values (see Table 3). For example, the contents of Li, Be, Ga, As, Rb, Zr, Nb, all rare earth
elements, Th and U were 3–10 times as low as their Clarke numbers. Most PTEs (Hg, As,
Ni, Cr, Co, V) do not accumulate in the road dust of Surgut. Such low contents of trace
elements can be explained by the predominance of sand fractions and low contents of fine
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fractions in the particle size composition of the studied samples. It has been repeatedly
shown that fine particles are most enriched in trace elements [63,64].

Relative enrichment as compared to the world average values in the Earth’s continental
crust was observed in Sb, Cu, Zn, Cd and Pb (Table 3). The elements accumulated in
Surgut’s road dust can be defined as typical urban pollutants, including Cd, Pb, Sb, Ti, Ba,
Zn and, to a lesser degree, Cu [65–68]. A similar assemblage of pollutants (Sb, Pb, Zn, Cd,
Cu and Sn) has been found in the road dust of Moscow [13].

Table 2. The percentage of particle size fractions (mm) in road dust depending on (a) traffic densities
and (b) land use within Surgut city.

Area <0.002 0.002–0.01 0.01–0.05 0.05–0.1 0.1–0.25 0.25–0.5 0.5–1.0

Traffic Densities:
Low (n = 8) 0.5 ± 0.1 1 2.6 ± 0.7 14.9 ± 5.1 14.6 ± 6.7 36.7 ± 5.4 26.1 ± 7.4 4.4 ± 0.4

Moderate (n = 14) 0.7 ± 0.7 3.8 ± 3.2 14.0 ± 8.5 14.5 ± 4.0 40.0 ± 6.9 24.2 ± 7.8 2.7 ± 1.9
High (n = 3) 0.4 ± 0.1 2.1 ± 0.7 12.0 ± 5.1 15.0 ± 6.7 42.0 ± 5.4 26.2 ± 7.6 2.4 ± 0.4

Land use Areas
Industrial and warehouse

area (n = 6) 0.25 ± 0.3 2.0 ± 1.1 8.9 ± 3.6 11.9 ± 2.8 44.4 ± 3.4 29.5 ± 4.6 3.1 ± 1.4

High-rise residential area
(n = 6) 0.5 ± 0.32 2.6 ± 0.8 13.2 ± 5.7 16.0 ± 6.0 39.0 ± 5.0 25.1 ± 7.5 3.5 ± 1.9

Low-rise residential area
(n = 5) 0.7 ± 1.0 4.4 ± 5.0 13.6 ± 13.8 12.2 ± 5.3 36.9 ± 9.4 27.1 ± 12.2 4.8 ± 3.9

Power plant area (n = 3) 0.9 ± 0.7 4.5 ± 2.6 14.5 ± 7.5 14.8 ± 2.4 39.3 ± 4,2 23.2 ± 7.3 3.1 ± 2.6
Public and business area

(n = 3) 0.9 ± 0.6 3.0 ± 0.9 26.5 ± 13.4 21.0 ± 2.9 31.0 ± 9.4 15.8 ± 7.4 1.9 ± 0.9

Transport hubs (n = 2) 0.7 ± 0.2 3.6 ± 1.0 10.8 ± 5.8 11.9 ± 4.4 43.8 ± 3.4 27.3 ± 7.5 2.0 ± 0.6
1 Mean ± SD.

Table 3. Summary statistics for the contents of PTEs and other chemical elements in Surgut’s road
dust, n = 25 (Na2O- Fe2O3 in %, Li-U in mg kg−1).

Element DL Mean Sd Min Max V, % WA PIr

Al2O3 0.009 4.2 0.97 2.6 6.68 23 15.4 0.3 (0.2–0.4)
CaO 0.005 3.9 1.42 2.0 7.81 36 3.59 1.1 (0.5–2.2)

Fe2O3 0.01 2.4 0.60 1.2 3.86 25 5.04 0.5 (0.2–0.8)
K2O 0.002 0.80 0.16 0.55 1.26 20 2.8 0.3 (0.2–0.5)
MgO 0.005 2.8 1.06 1.4 5.48 37 2.48 1.1(0.5–2.2)
MnO 0.0004 0.043 0.013 0.024 0.071 29 0.1 0.4 (0.2–0.7)
Na2O 0.001 0.91 0.22 0.65 1.48 24 3.27 0.3 (0.2–0.5)
P2O5 0.005 0.06 0.03 0.025 0.15 58 0.15 0.4 (0.2–1.0)

S 0.002 0.064 0.021 0.028 0.12 33 0.062 1.0 (0.4–2.0)
TiO2 0.0005 0.27 0.09 0.12 0.55 35 0.64 0.4 (0.2–0.9)
As 0.1 1.29 0.65 0.4 3.3 51 4.8 0.3 (0.1–0.7)
Be 0.03 0.42 0.12 0.3 0.72 28 2.1 0.2(0.1–0.3)
Bi 0.01 0.067 0.046 0.02 0.22 69 0.16 0.4 (0.1–1.4)
Cd 0.04 0.11 0.15 0.04 0.66 136 0.09 1.2 (0.4–7.4)
Ce 0.008 15.5 8.1 8.4 45.4 52 63 0.2 (0.13–0.7)
Co 0.08 6.9 1.7 3.8 11.2 25 17.3 0.4 (0.2–0.7)
Cr 0.7 46.4 15.4 18.4 83.9 33 92 0.5 (0.2–0.9)
Cs 0.01 0.43 0.17 0.24 1.0 39 4.9 0.1 (0.05–0.2)
Cu 0.8 42.8 27.3 9.3 144.9 64 28 1.5 (0.3–5.2)
Dy 0.007 1.12 0.44 0.74 2.59 39 3.9 0.3 (0.2–0.7)
Er 0.003 0.60 0.24 0.40 1.34 39 2.3 0.3 (0.2–0.6)
Eu 0.006 0.40 0.19 0.26 1.17 47 1 0.4 (0.3–1.2)
Ga 0.1 3.74 0.84 2.6 6.1 23 17.5 0.2 (0.1–0.3)
Gd 0.007 1.20 0.53 0.77 3.13 44 4 0.3 (0.2–0.8)
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Table 3. Cont.

Element DL Mean Sd Min Max V, % WA PIr

Hf 0.02 0.72 0.24 0.5 1.7 33 5.3 0.14 (0.1–0.3)
Ho 0.005 0.21 0.08 0.13 0.48 40 0.83 0.2 (0.2–0.6)
La 0.009 7.05 3.03 4.0 17.7 43 31 0.2 (0.13–0.6)
Li 0.03 5.16 1.04 3.7 7.57 20 24 0.2(0.2–0.3)
Lu 0.005 0.091 0.035 0.06 0.20 39 0.31 0.3 (0.2–0.6)
Nb 0.02 2.85 1.55 1.5 8.9 55 12 0.2 (0.1–0.7)
Nd 0.009 6.78 3.83 3.86 22.5 56 27 0.3 (0.14–0.8)
Ni 0.7 41.1 17.0 12.1 90.1 41 47 0.9 (0.3–1.9)
Pb 0.06 19.0 25.5 5.6 126.1 134 17 1.1 (0.3–7.4)
Pr 0.005 1.77 0.96 0.95 5.50 54 7.1 0.2 (0.13–0.8)
Rb 0.1 19.8 4.21 13.0 33.3 21 84 0.2 (0.2–0.4)
Sb 0.06 0.89 0.57 0.38 3.13 64 0.4 2.2 (1.0–7.8)
Sc 0.09 5.62 1.30 3.7 8.5 23 14 0.4(0.3–0.6)
Sm 0.004 1.42 0.73 0.85 4.26 51 4.7 0.3 (0.2–0.9)
Sr 0.07 119.6 27.8 91.0 210.6 23 320 0.4 (0.3–0.7)
Ta 0.01 0.19 0.13 0.1 0.7 69 0.88 0.2 (0.1–0.8)
Tb 0.004 0.18 0.08 0.12 0.48 44 0.7 0.3 (0.2–0.7)
Th 0.01 1.45 0.65 0.7 3.2 45 10.5 0.1 (0.07–0.3)
Tl 0.005 0.08 0.02 0.05 0.15 23 0.9 0.1 (0.06–0.16)

Tm 0.004 0.086 0.034 0.06 0.20 40 0.3 0.3 (0.2–0.7)
U 0.01 0.61 0.27 0.4 1.6 44 2.7 0.2 (0.1–0.6)
V 0.8 42.1 11.9 20.6 67.6 28 97 0.4 (0.2–0.7)
Y 0.02 6.03 2.29 4.1 13.2 38 21 0.3(0.2–0.6)

Yb 0.003 0.66 0.27 0.45 1.54 41 2 0.3 (0.2–0.8)
Zn 0.5 89.9 50.6 35.6 262.7 56 67 1.3 (0.5–3.9)
Zr 0.04 28.6 10.1 18.2 68.8 35 193 0.1 (0.1–0.4)

Note: WA—world average [49]; Se, Rh, Pd, Te, Re, Ir, Pt, Hg and Au contents were below their detection limits in
50% samples, and hence, they were excluded from calculations.

The Pb, Cu and Zn contents in the soils of Western Siberia are similar to world average
values and occasionally even lower [47]. It has also been shown that the Sb content in
soils in the north of Western Siberia is below its world average value [69]. Therefore,
enrichment in those trace elements in the road dust of Surgut is connected with the impact
of anthropogenic sources, which is indirectly confirmed by significant variations in Cd (CV
of 136%), Pb (134%) and Sb (64%). Elements originating predominantly from natural sources
are expected to have a relatively lower variability, while those from anthropogenic sources
should display a greater variability [70,71]. Significant variations in PTE concentrations
indicate significant contributions from anthropogenic sources and a spatial heterogeneity
of human impacts on the roads [13]. In addition, such variations reflect differences in the
rates of pollution depending on road traffic, industrial emissions and street cleaning.

It should be mentioned that dust particles separated from the snowpack within West-
ern Siberia, including remote background areas, are enriched in Sb, Zn, Cd and As [72].
Therefore, the assemblage of air pollutants within Surgut city is similar to the region-scale
assemblage of air pollutants, which is indicative of their broad distribution. It is likely
that the composition of atmospheric particulate matter within Western Siberia is generally
predetermined by emissions from different cities and other point sources, the specific
contributions of which can only be assessed when a larger database on such sources is
available, but at the present time it is impossible to provide such an assessment with
sufficient reliability.

The mean EF values of Sb (8.3) indicated significant enrichment. A very high level
of enrichment (20 < EF < 40) in both Sb and Pb was observed in only one sample, which
was collected from a stretch of road with a high traffic intensity within the industrial and
warehouse area. Such a combined Sb and Pb contamination of road dust can be explained
by emissions of those elements from worn car batteries that were made with the use of
Sb–Pb alloys up until very recently [73].
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Of the studied samples, 48% were significantly enriched in Cu, 32% in Zn, 20% in
Ni, 12% in Pb and 4% in Cd. The mean EF values of Pb (4.3), Ni (3.3) and 36% EF of
Cr were between 2 and 5, indicating moderate enrichment. Other trace elements were
characterized by mean EF values of <2, i.e., belonging to the category of “deficiency to
minimal enrichment” according to [1].

The data obtained on the distribution of EF, Ze and RI values over the city territory
depending on the land use areas and road traffic intensities are shown in Table 4. The
highest total contamination levels were observed in the industrial area and the roads with
high traffic intensities (with the Ze values of 43 and 44, respectively). There was a clear
relationship between the contamination level and the traffic density.

Table 4. The values of enrichment factor (EF), total potential ecological risk index (RI) and total
enrichment factor (Ze) in the road dust of Surgut.

Area
Contamination Levels and EF Values

Ze RI
Significant (EF = 5–20) Moderate (EF = 2–5)

Land Use Areas
Industrial and warehouse area (n = 6) Sb 12 Pb 9 Cu7 Ni3 43 55

High-rise residential area (n = 6) Cu 5 Zn 5 Ni3 Pb2 31 79
Low-rise residential area (n = 5) Sb 6 Ni4 Cu4 Zn4 Cr2 27 47

Power plant area (n = 3) Sb 9 Cu5 Zn5 Ni4 Cr2 Pb2 32 39
Public and business area (n = 3) Zn 7 Cu 6 Sb 6 Pb2 29 87

Transport hubs (n = 2) Sb 8 Cu4 Ni3 Zn3 Fe2 30 30
Traffic Density

Low (n = 8) Sb 5 Cu4 Zn3 Ni3 Pb2 28 39
Moderate (n = 14) Sb10 Cu 6 Pb 6 Zn5 Ni3 40 53

High(n = 3) Zn9 Sb8 Cu8 Ni4 Pb3 Cd2 44 144
Total for Surgut Sb 8.1 Cu 5.5 Zn 4.9 Pb 4 Ni 4 37 59

Note: the numbers after the elements correspond to their mean EF values. Elements with EF < 2 are not shown.

The dust samples from roads with low traffic densities only had a significant enrich-
ment in Sb. Roads with heavier traffic were characterized by dust enrichment in practically
all pollutants, including Sb, Zn, Cu and Pb. In particular, the roads with moderate and high
traffic intensities as compared to the roads with low traffic intensities were characterized by
the following increases in pollutant concentrations: Zn by multiples of 1.4–2.8, Cu—1.3–1.7,
Pb—1.1–2.5, Cd—1.3–2.8, Sb—1.5–1.9 and Bi by multiples of 1.7–2.0. Verification using the
Mann–Whitney test showed that small roads significantly differ from medium and large
ones in the enrichment of road dust with Zn, Sb and Pb (p = 0.01). The dust samples from
roads with low, moderate and high traffic densities were characterized the total enrichment
factor Ze values of 28, 40 and 44, respectively, with an overall mean of 37. As compared to
Moscow, where the mean for Ze is 54 [13], Surgut has a lower level of road dust contami-
nation, which can be easily explained by Moscow’s much higher intensities of traffic and
industrial emissions, both being sources of PTEs. However, it should be taken into account
that concentrations of some elements (Mo, W and Sn) were excluded from the calculations,
and therefore, the index values could be slightly underestimated.

The spatial distribution of Ze values is shown in Figure 2. The highest values are found
within the road stretches where traffic jams regularly occur, which causes the increase in
emissions of fine particles and soot.

The total potential ecological risk index (RI) had values between 150 and 300 in only
two samples, which corresponded to the category of “moderate risk” according to [50].
Those abnormal values resulted from a sporadic occurrence of high Cd concentrations
in the road dust. The samples from business areas had high Cd concentrations (0.33 and
0.66 mg kg−1) as well as a high concentration of Zn. Solid waste incinerators are known to
be an important source of both Cd and Zn [74]. It is likely that solid waste incineration was
practiced near our sampling sites. In addition, car tire wear is also a source of Cd [75]. All
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other studied samples belonged to the category of low risk, with the maximal values of
total potential ecological risk index RI found on roads with high traffic densities.

 

Figure 2. Spatial distribution of Ze values: 1—sampling sites; 2—power plants; 3—airport; 4—city
border; 5—industrial and warehouse area; 6—high-rise residential area; 7—low-rise residential area;
8—power plant area; 9—public and business area; 10—modern business zones; 11—recreational area,
urban forests, green spaces.

3.3. Source Identification

The most significant contributors to PTE pollution from vehicles are considered to
be brake wear, tire erosion, exhaust emissions and oil losses [76]. The other source of
PTEs, which include V, Cr, Co, Ni, Cu, Zn and Pb, is the abrasion of road tarmac [77,78].
Calculations of EF values showed that Sb, Zn, Mo, Cu and Pb were the main pollutants
of Surgut’s road dust (See Table 3). The main source of Sb in road dust is brake wear [79].
Antimony pentasulfide is used as a pigment in the production of car tires [80]. On the
road stretches where traffic regularly slows and stops (traffic lights, cross-roads, etc.), Sb
concentrations are generally eight times as high as those in the background [81]. Antimony
is also used for the production of car batteries.

Tire erosion is also a source of Zn, because zinc oxide is used as a vulcanization agent
in tire production [78,82]. The concentration of Zn in car tires is about 1% [77]. Research on
the variability in the chemical composition of road dust in Spain by Amato et al. [7] has
shown that contents of Sb, Zn and Mo are increased within stretches of roads where traffic
slows and stops, which confirms their relationship with tire wear.

Principal sources of Cu in the atmosphere include fossil fuel burning, traffic emissions,
fuel combustion and industrial combustion [83]. The erosion of brake pads is an important
source of Cu in road dust. It is known that up to 47% of Cu in urban sewage is also sourced
from brake pad wear [84]. The degradation of brake pads over time contributes Fe, Cu, Pb,
Cr, Zn and Sb to road dust [85].
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It should be noted that Cu and Zn are the main PTE components within high-rise
residential areas that have the highest number of traffic lights (see Figure 2). Traffic
jams where vehicles move at a speed of 20 km/h result in a 30% increase in car exhaust
emissions [86]. Therefore, we believe that the high content of Cu in the road dust of Surgut
mainly resulted from brake pad erosion.

To verify the sources of pollution, we conducted a PCA analysis of the obtained data
set on the contents of PTEs, pH values and the content of fine particles (<2 and 2–10 μm).
Elements of geogenic origin with concentrations similar to their world crust average were
excluded from the analysis, which therefore included only the ecologically hazardous
elements (Cr, Co, V, etc.). Our choice of the fine fraction was based on the fact that fine
fractions have the highest PTE contents, e.g., the PM10 fraction of Moscow’s road dust is
1.2–6.4 times more polluted by PTEs than bulk samples of the dust [13].

The essence of PCA analysis is to restrict a multicomponent data set to a limited,
user-selected number of factors that determine the sample variance. The results obtained
made it possible to identify four main factors which predetermine the chemical composition
of road dust (Table 5).

Table 5. Varimax principal component loadings for PTE concentrations, pH and PM10 in the studied
samples of road dust.

Elements and Parameters PC1 PC2 PC3 PC4

V 0.61 0.04 −0.04 0.52
Cr 0.78 0.06 0.23 0.15
Co 0.86 0.14 −0.01 0.16
Ni 0.85 −0.03 −0.02 −0.28
Cu 0.16 0.57 0.28 0.41
Zn 0.16 0.92 0.10 0.17
As 0.55 0.01 −0.18 0.17
Cd 0.09 0.87 −0.06 0.05
Sb 0.18 0.16 0.90 −0.01
Pb −0.10 0.05 0.94 −0.01
pH −0.10 −0.0 0.01 −0.69

PM10 0.70 0.073 0.13 0.12
Expl. Var 3.39 2.62 1.97 1.33
Prp. Totl 0.26 0.20 0.15 0.10

The four PCs together account for 71% of the variance. The first PC explains 26% of
the total variance and has a strong loading of Cr, Co, Ni and PM10. The concentrations
of Cr, Co and Ni in Surgut’s road dust were generally low as compared to their world
crust average values (PIr = 0.4–0.5). However, some sampling sites, in particular within the
low-rise residential area and the power plant area, were characterized by Ni enrichment.
Relatively higher concentrations of metals such as Ni and Co are caused by the adsorption
of these metals by Fe–Mn colloids [87]. Both Ni and Co originate from geogenic sources.
The abrasion of road surfaces is an additional source of Ni, which is a component of asphalt
bitumen and gabbro rock material [88]. High Ni contents have also been noted in gabbro
rocks of the Ural Mountains [89], which are not far from Surgut.

The PC2 is dominated by Zn and Cd. Our observations showed that Zn and Cd
probably originated from the same anthropogenic source. Previous studies [90–92] have
reported that vehicle emissions and diesel and fossil fuel combustion are known as the
primary anthropogenic sources of Cd and Zn atmospheric pollution. PC 3 is dominated
by Sb and Pb, accounting for 15% of the total variance. This group of elements, as shown
above, is associated with traffic. PC4, dominated by pH, explains 10% of the total variance.
The soil acidity to a large extent predetermines the mobility of metals [65] and, therefore,
their concentrations in soils.
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3.4. Comparisons with Other Cities

Table 6 compares the concentrations of PTEs in this study with some other world
cities. Our selection of cities for such a comparison was based on the presence of compa-
rable assemblages of the analyzed elements. A comparison allowed us to determine the
geochemical properties of the road dust of Surgut as follows: low contents of As, Cd, Sb
and Zn but a 1.6–2 times higher content of Ni in comparison with those in Moscow and
Chelyabinsk. The high content of Ni has been previously identified in the road dust of
Tyumen, which is a large city in Western Siberia [29]. The latter is explained by the fact
that the road construction there involved the use of fine gravel of ultramafic and mafic
rocks imported from the Urals. High concentrations of Ni and Cr are often mentioned in
descriptions of Uralian ultramafic rocks such as gabbro [89]. Regarding the levels of Cu,
Co and Cr in road dust, Surgut occupies an intermediate position among other cities.

Table 6. Literature data on published metal median concentrations (mg kg−1) in street dust from
cities around the world.

City Cr Co Ni Cu Zn As Cd Pb Sb Reference

Surgut, this study 46 6.9 41.1 42.8 89.9 1.3 0.11 19.0 0.89 This
study

Chelyabinsk 48.5 6.3 21.9 55.9 154 3.8 0.4 14.4 1.3 [20]
Moscow 50 8.0 26 93 252 2.8 0.61 53 4.6 [23]
Alushta 31 7.4 33 44 127 8.0 0.3 37 1.5 [28]
Tyumen 415 25.6 324 51.3 105 8.8 0.19 20.1 1.83 [29]

Ahvaz, Iran 51.5 9.2 59.7 74.4 309 - 0.5 85.4 2.1 [93]
Hangzhou, China 51 20 26 116 321 - 1.59 202 - [94]
Houston, TX, USA 67 4.8 119 183 557 - - 40 - [95]
Kabul, Afganistan 38.4 8.52 66.4 43.6 122.5 - 1.16 28.7 - [96]

Kuala Lumpur, Malaysia 74.1 3.36 11.3 87.0 314 68.8 0.71 98.8 - [19]
Katowice, Poland 211 - 43.7 239 2030 - 0.35 430 - [97]
Luanda, Angola 26 2.9 10 42 317 5.0 1.1 351 3.4 [98]

Nicosia, North Cyprus 321 - 65 52 136 17.5 - 35.6 - [99]
Ottawa, Canada 43.3 8.3 15.2 65.8 112 1.3 0.6 39 0.89 [100]

Seul, Korea 151 - - 396 795 - - 144 [101]
Shanghai, China 159 - 84 197 734 - 1.23 295 - [102]

Thessaloniki, Greece 105 - 89 662 452 - 1.76 209 - [17]
Tongchuan, China 106.5 31.7 25.3 32.4 142 6.7 - 75.2 - [103]
Toronto, Canada 198 - 58.8 162 233 - 0.51 183 - [12]

Xi’an, China 145 30.9 30.8 54.7 268.6 - - 125 - [104]

Note: the values in bold font correspond to the highest concentration in the areas compared.

4. Exposure and Risk Assessment

The results of calculations of non-carcinogenic and carcinogenic risk indices through all
exposure pathways (ingestion, inhalation and dermal contact) are presented in Tables 7 and 8.

Table 7. Non-carcinogenic hazard quotient (HQ) and hazard index (HI) values of trace elements
through all exposure pathways in Surgut city.

Element
HQ Ing HQ Derm HQ Inh HI

Childr Adults Childr Adults Childr Adults Childr Adults

Pb 3.4 × 10−2 3.8 × 10−3 2.5 × 10−4 2.8 × 10−5 1.6 × 10−4 2.7 × 10−4 3.4 × 10−2 3.8 × 10−3

Ni 2.4 × 10−2 2.7 × 10−3 4.4 × 10−4 4.9 × 10−5 4.9 × 10−2 8.1 × 10−2 7.3 × 10−2 8.4 × 10−2

Cu 2.7 × 10−2 3.1 × 10−3 3.5 × 10−5 4.0 × 10−6 3.2 × 10−5 5.4 × 10−5 2.7 × 10−2 3.1 × 10−3

Zn 1.9 × 10−3 2.2 × 10−4 1.4 × 10−5 1.6 × 10−6 4.5 × 10−5 7.6 × 10−5 1.9 × 10−3 2.2 × 10−4

As 2.7 × 10−2 3.1 × 10−3 2.1 × 10−5 2.4 × 10−6 9.1 × 10−5 1.5 × 10−4 2.8 × 10−2 3.2 × 10−3

Cd 6.9 × 10−4 7.7 × 10−5 2.0 × 10−5 2.3 × 10−6 1.1 × 10−3 1.9 × 10−3 1.8 × 10−3 2.0 × 10−3

Sb 1.4 × 10−2 1.6 × 10−3 7.0 × 10−5 7.9 × 10−6 3.2 × 10−4 5.3 × 10−4 1.5 × 10−2 2.1 × 10−3
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Table 8. Carcinogenic risk (CRA) values of Pb and As through all exposure pathways in Surgut city.

Element
CRA Ing CRA Derm CRA Inh CRA Sum

Childr Adults Childr Adults Childr Adults Childr Adults

Pb 1.0 × 10−6 1.2 × 10−6 7.6 × 10−9 8.5 × 10−10 2.4 × 10−8 4.0 × 10−8 1.1 × 10−6 1.6 × 10−7

As 1.2 × 10−5 1.4 × 10−6 9.5 × 10−9 1.1 × 10−9 5.9 × 10−7 9.8 × 10−7 1.3 × 10−5 2.4 × 10−6

The non-carcinogenic risk assessment was based on metal concentrations, which were
above their Clarke (world crust average) values (PIr > 1). The results showed that non-
carcinogenic risk in Surgut was mainly associated with the ingestion of dust particles. Data
from other cities confirm that ingestion is the most hazardous pathway [21,40,96,98,105].
Children tend to be at higher risk than adults, because their relatively lower body weight
implies that the impact of road dust contaminated with heavy metals can be relatively
higher. The obtained HI values show that Sb, Ni, Cu and As are generally the most harmful
elements within Surgut, with additional health risks associated with Cd and Pb within
some areas of the city. It should be noted that despite the low Ni enrichment of road dust,
its health risk is high due to the high toxicity of this element.

The carcinogenic risks of As and Pb were also mainly associated with the ingestion
pathway, whereas the risks from dermal contact are very low. The total carcinogenic risk
values (CRA sum, see Table 8) ranged from 10−5 to 10−7. According to the U.S. EPA,
any value of cancer risk within the range of 10−6 to 10−4 is an acceptable or tolerable
risk, and any value below 10−6 can be ignored. Therefore, the present study showed that
carcinogenic risks from the PTEs in the road dust of Surgut were insignificant due to their
low concentrations.

5. Conclusions

The road dust of Surgut, as in the majority of cities of the world, has an alkaline reaction
due to the presence of carbonate microparticles. The 100–250 μm fraction, which was
predominant in the particle size distribution of the studied dust samples, originates from
geogenic sources and abrasion processes caused by road traffic. Fine particles (<50 μm),
which mainly originate from industrial emissions, had a mean content of 17.5% in the
studied samples. Therefore, the composition of road dust was mainly predetermined by
contributions from sources associated with road traffic and soil erosion. The texture of
Surgut’s road dust is relatively homogeneous. Fluctuations in the particle size distribution
for roads of different categories and different land use areas are small.

It was found that Surgut’s road dust was rich in Sb, Cu, Zn, Cd and Pb as compared
to their mean contents in the upper part of the Earth’s crust. These elements are regarded
as typical urban pollutants that accumulate in the road dust of many cities. Those element
concentrations in the road dust of Surgut increased by multiples of 1.4–2.8 on average with
increasing traffic densities. The highest concentrations were found within stretches of roads,
where traffic jams regularly occur. The main source of these elements is from the abrasion
of car tires and brake pads. In addition to traffic densities, the road dust composition was
influenced by solid waste incineration, which led to the Cd and Zn contamination of the
studied samples.

Based on the values of the total potential eco-logical risk index (PI) and the total
enrichment factor (Ze), levels of the total contamination of Surgut’s road dust were mostly
low. The moderate contamination levels were only detected in samples from high-traffic
roads. The generally low contamination can be explained by the predominance of coarse
particles in the road dust. Taking into account that the PTE concentrations in fine fractions
(PM10) is significantly higher than in the coarse fraction, further research should focus on
the analysis of the fine fraction.

The present study on PTEs showed that their greatest potential risks to human
health were associated with the ingestion pathway; however, both carcinogenic and non-
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carcinogenic risks of such PTEs were generally acceptable or tolerable due to their low
concentrations in the road dust of Surgut.

The results obtained in this study can be used in the planning and further development
of the transport network of Surgut city and also help improve the efficiency of the street
cleaning practices by the municipal services.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13010030/s1, Table S1: Description of sampling sites, Table S2: Methods of analysis,
analytical results and recovery of certified reference material, Table S3: Exposure parameters used for
the health risk assessment.
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Abstract: We examined the pollution characteristics of potentially toxic elements (PTEs) in road dust
(RD) from nine industrial areas in South Korea to assess PTE pollution levels and their environmental
risks for devising better strategies for managing RD. The median concentrations (mg/kg) were in
the order Zn (1407) > Cr (380) > Cu (276) > Pb (260) > Ni (112) > As (15) > Cd (2) > Hg (0.1).
The concentration of PTEs was the highest at the Onsan Industrial Complex, where many smelting
facilities are located. Our results show that Onsan, Noksan, Changwon, Ulsan, Pohang, and Shihwa
industrial areas are heavily polluted with Cu, Zn, Cd, and Pb. The presence of these toxic elements
in RD from the impervious layer in industrial areas may have a moderate to severe effect on the
health of the biota present in these areas. The potential ecological risk index (Ei

r) for PTEs was in
the decreasing order of Cd > Pb >Hg > Cu > As > Zn >Ni > Cr, indicating that the dominant PTE
causing ecological hazards is Cd owing to its high toxicity. Our research suggests the necessity for
the urgent introduction of an efficient management strategy to reduce RD, which adds to coastal
pollution and affects human health.

Keywords: potentially toxic metal; road dust; industrial area; pollution assessment; ecological risk

1. Introduction

In view of rapid and intense industrialization, several studies have been conducted on soils [1,2],
stream sediments [3,4], river sediments [5] and road dust (RD) or road-deposited sediments [6,7]
around industrial areas that are significantly contaminated with potentially toxic elements (PTEs).
The levels of PTEs in soils and RD are comparatively higher in industrial areas than in urban areas [8,9].
Trace metals present in soils are difficult to migrate owing to their long residual time and strong
concealment [4]. Pollution caused by PTEs present in RD has become an interesting topic of research
because RD is an important carrier of PTEs and can contribute as a non-point source to runoff pollution
in urban areas [6,10].

Industrial activities, such as metal processing and smelting, and industrial emissions are major
sources of PTE pollution in industrial areas [11,12]. Hg pollution in agricultural soils is attributed to the
atmospheric deposition of Hg through industrial emission [13]. Ma et al. [14] reported that nonferrous
metal industries released approximately 88 tons of Cd into the environment. Particles emitted into
the atmosphere from industrial sources and waste incineration can be deposited directly on the top
surface of roads and soil, as well as on the leaves of crop plants [15,16]. Therefore, in the past decade,
there has been an interest in the quality of ambient air subjected to dry deposition [17–19] and in
the pollution status of soil and other nature in industrial areas [20,21]. The main sources of ambient
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pollution in industrial areas are not only coal-based power generation and industrial activities but also
traffic activity and resuspension on the road [22]. However, unlike in metropolitan and urban areas,
pollution caused by RD in industrial areas has not been studied, and there are no strategies in place to
manage it.

A large proportion of industrial areas are covered with impervious areas, such as roads,
and are being zoned for industrial use. RD from impervious areas contains large amounts of
PTEs. During rainfall, RD can be transported through stormwater runoff to the surrounding aquatic
environments without any treatment; thus, streams, rivers, and marine sediments can be contaminated
with toxic elements [7,23–25]. We reported the contamination of coastal sediments near industrial
complexes with PTEs compared with urban areas in Korea [26].

RD can easily be resuspended in the atmosphere by wind and vehicular movement and can spread
PTEs over large areas [27,28]. Bi et al. [29] reported that industrial and combustion emissions were
the major sources of Pb in dust and vegetables. PTEs present in RD continues to contaminate crops,
water, sediments, and the atmosphere, posing a threat to human health. Therefore, RD pollution in
industrial complexes should be considered an important factor in the maintenance of the surrounding
areas; human health, pollution level, environmental risk, and mobility of RD should be investigated to
establish an effective management strategy.

The objectives of this study were (1) to investigate the extent of pollution caused by PTEs present
in RD collected from nine industrial areas in Korea; (2) to quantify the potential ecological risk of PTEs
present in RD; and (3) to discuss environmental concerns that may be posed by runoff and resuspension
of RD. The results presented here provide valuable information for managing RD in industrial areas.

2. Materials and Methods

2.1. Sampling Area

After the 1960s, Korea implemented an export-driven industrialization policy to promote
industrialization. In the 1970s, the development strategy focused on the heavy and chemical industries
such as steel, nonferrous metal, refinery, machinery, shipbuilding, electronic and chemicals and
large-scale industrial area were created in cities of coastal areas in Korea [30]. There are 27 national
industrial complexes and 133 local industrial complexes located along the coast of Korea, but the total
area is 3.7 times higher than that of national industrial complexes. Most of the industrial complexes in
Korea were developed during the 1960s–1970s when there was little environmental interest; therefore,
environmental problems continuously arise from the planning stage [31]. Coastal sediments and
airborne particles in industrial areas are reported to be contaminated with metals and metalloids [32,33],
but there are little data on PTEs in RD. Therefore, this study was conducted in 9 industrial complexes
(Shihwa; SH, Gunsan; GS, Daebul; DB, Gwangyang; GW, Changwon; CW, Noksan; NS, Onsan; OS,
Ulsan; US, Pohang; PH) selected in consideration of representative industries of Korea’s major industries.

The average temperature in December 2013 in Korea was 1.5 ◦C, like the average level (1.5 ◦C),
and the average precipitation was 84% higher than that of the 10-year average level. Sampling was
conducted from 1st to 6th December 2013. During the sampling duration, the average temperature and
relative humidities were 0–5.4 ◦C and 47–80 (%), respectively, in the regions of sampling. The climate of
the regions in the north was low and humid, and those in the south were high and dry. Detailed climate
information of the sampling regions is shown in the Supplementary Table S1.

2.2. Road Dust Sampling

RD samples were collected from 165 sampling sites in eight national industrial complexes and
one steel industrial complex of South Korea (Figure 1 and Table 1) following antecedent dry-weather
periods of approximately 10 days. RD samples were collected using a cordless vacuum cleaner (DC-35,
Dyson Co., Malmesbury, UK) from a 0.5 m × 0.5 m area along the curb. The dry vacuum cleaning
method is a method adopted in several RD studies and is designed to collect even fine particles on
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the road surface [34]. Because of road design, it is reported that 95% of the RD on the total road areas
is accumulated in the curb and 1 m inside the road by Novotny and Chesters [35]. In one industrial
region, 14–25 sampling points were selected at equal intervals within the complex to evenly reflect road
pollution in every sampling region. Four or more subsamples were taken per site and then composited
to ensure representativeness for each sampling site. The vacuum cleaner was replaced or cleaned to
prevent cross-contamination between a sampling of a single point. The collected RD was dried in an
oven at 40 ◦C, weighed, sealed and stored in a zipper bag until analysis.

 

Figure 1. Map of the study area showing road dust sampling locations from 9 different industrial areas
of Korea.

2.3. Particle Size and Magnetic Susceptibility Analysis

Before analysis, large contaminants such as leaves, petals, metal lumps, and garbage were removed
by hand, and particles larger than 1000 μm were removed using a standard test sieve (1000 μm) from
every raw RD sample. The particle size of RDS samples was measured using a laser particle size
analyzer (Mastersizer 2000, Malvern Instruments, Malvern, UK) after removing organic matter with
30% hydrogen peroxide and carbonate with 1 N HCl, respectively. The determination of magnetic
susceptibility was conducted with a magnetic susceptibility meter (MS2, Bartington Instruments Ltd.,
Oxford, UK) and was performed three times.
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2.4. Potentially Toxic Metal Analysis

For the determination of PTEs (Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg), RD samples were pulverized
and homogenized using a mechanical mortar (Pulverisette 6, Fritsch Co., Markt Einersheim, Germany).
Total digestion of samples with mixed acids was performed. Briefly, 0.1 g of ground samples were
placed in Teflon digestion vessels and digested with nitric acid, hydrofluoric acid and perchloric acid
(Ultra-100 grade, Kanto Chemical, Tokyo, Japan) on a hot plate at 180 ◦C for 24 h. After dryness,
the digested samples were dissolved with 1% nitric acid (v/v) to a final volume of 10 mL. Al, Li, Cr,
Co, Ni, Cu, Zn, As, Cd and Pb concentrations were measured by inductively coupled plasma mass
spectrometry (ICP-MS; iCAP-Q, Thermo Scientific Co., Bremen, Germany). Hg was analyzed using an
automated direct Hg analyzer (Hydra-C, Leeman Labs, Hudson, NH, USA) according to the USEPA
7473 method.

The blanks and triplicate determinations were performed. Data accuracies were checked using
two types of certified reference materials, MESS-4 and PACS-3 (National Research Council, Ottawa,
ON, Canada). Metals and metalloid recoveries ranged from 94.7% to 104.3%.

2.5. Pollution and Ecological Risk Assessment

The geo-accumulation index (Igeo), potential ecological risk factor (Ei
r) and potential ecological

risk index (PER) for eight PTEs (Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg) were used to assess the PTEs
pollution in RD of this study.

The geo-accumulation index (Igeo) was calculated using the following equation proposed by
Müller [36]:

Igeo = log2(Cn/(1.5× Bn)) (1)

where Cn represents the metals and metalloids concentrations in RD of this study. Bn represents the
natural background values of the soils in Korea, and its values (mg/kg) of Cr, Ni, Cu, Zn, As, Cd, and Pb
are 25.4, 17.6, 15.3, 54.3, 6.8, 0.05, and 18.4, respectively [37]. The background value of Hg was not
presented in Korea, so the value of the upper continental crust was used [38]. Müller [36] defined seven
classes of Igeo index ranging from Class 0 (Igeo < 0, unpolluted) to Class 6 (Igeo > 5, extremely polluted).

The potential ecological risk factor (Ei
r) was also calculated using the following equation by

Håkanson [39].
Ei

r = Ti
r × (Cn/Bn) (2)

where, Ti
r is the metals and metalloid toxicity response factors (Hg = 40, Cd = 30, As = 10, Cu =Ni = Pb

= 5, Cr = 2, Zn = 1). Cn and Bn represent the same in Igeo calculation. The Ei
r values were classified into

five classes: low risk (Ei
r < 40), moderate risk (40 < Ei

r < 80), considerable risk (80 < Ei
r < 160), high risk

(160 < Ei
r < 320), serious risk (Ei

r > 320).
The comprehensive ecological risk (PER) is the sum of Ei

r of eight PTEs in RD. PER value illustrates
the potential ecological risks caused by the overall contamination for eight PTEs. The PER values were
classified into four classes of potential ecological risk: low-grade (PER < 150), moderate (150 < PER <
300), severe (300 < PER < 600) and serious (PER > 600) [39].

3. Results and Discussion

3.1. Characteristics of PTEs Concentrations

A comparison of particle size, magnetic susceptibility, and concentration of PTEs in RD from the
sampling sites is presented in Figure 2 and Table S2. The median RD surface load and the median
size of particles were 1652 g/m2 and 355 μm, respectively, with the highest concentrations observed
at the Daebul Industrial Complex. The median magnetic susceptibility of RD ranged from 76 × 10−6

to 346 × 10−6 SI units, with the highest value observed at the Pohang Steel Industrial Complex (PH)
and the lowest value observed at the Gunsan Industrial Complex (GS) (Figure 2). Al and Li were
present at high concentrations at the Ulsan Industrial Complex (US); however, differences in median
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concentrations of these elements between industrial areas were very small compared with those of the
other toxic elements.

 

Figure 2. Comparison of PTEs concentrations in RD from different Industrial areas of Korea. The bar
height and error bar represents the median values and standard deviation (SD) of the data (note the log
scale on the y–axis).

The median concentrations of PTEs were in the following order: Zn (1407 mg/kg) > Cr (380 mg/kg)
> Cu (276 mg/kg) > Pb (260 mg/kg) >Ni (112 mg/kg) > As (15 mg/kg) > Cd (2 mg/kg) >Hg (0.1 mg/kg).
The median concentrations of Cr and Ni in RD samples were 1486 and 315 mg/kg, respectively, with the
highest values observed at the Noksan Industrial Complex. Relatively higher values for Cr and
Ni were also observed at the Pohang Steel Industrial Complex than in other areas because of the
presence of many industrial facilities, such as steel-related metal manufacturing, precision machinery
manufacturing using stainless steel, and automobile manufacturing. Cr and Ni are major conventional
pollutants emitted from blast furnaces during the manufacture of iron and steel [40].

The coefficient of variation (CV) describes the degree of variation in the concentrations of PTEs
present in RD samples investigated in this study. CVs over 100% are considered exceptionally highly
variable among the sampling sites. The mean CVs for the concentrations of PTEs in RD samples
decreased in the following order: Hg (360%) > Ni (342%) > Cd (334%) > Pb (302%) > Cr (215%)
> As (210%) > Cu (196%) > Zn (189%). The large CV values indicate that the pollution sources of
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these metals greatly differed among the sampling sites. There is no specific major source of pollution
in a particular industrial complex. Although the dominant industrial type differs among the nine
industrial regions, there are many different types of factories around the sampling sites from where RD
samples were collected. Considering the spatial distribution and large variability in the concentration
of PTEs, the contamination of RD samples with PTEs seems to reflect the various types of industries
rather than the difference in the degree of pollution according to the distance from individual metal
pollution sources.

The median concentrations of Cu, Zn, As, Cd, Pb, and Hg were the highest in the Onsan
Industrial Complex, where the largest nonferrous metal processing facilities in Korea are located.
Significant differences (p < 0.05) in the concentrations of these PTEs between Onsan Industrial Complex
and those of other industrial areas were observed (Table S2). The pollution of RD with PTE caused by
the smelting activity was found to be severe. The lowest concentrations of Cr, Ni, Cu, Cd, Pb, and Hg
were observed at the Daebul Industrial Complex, and those of Zn and As were observed at the Gunsan
and Pohang Industrial complexes, respectively. Based on the sum of the concentrations of the eight
PTEs, the descending order of predominance in RD from different areas was as follows: OS >NS > PH
> SH > CW > US > GY > GS > DB. According to a previous study, PTEs concentrations in RD samples
from industrial areas were 3.5–24.3 times higher than those of urban areas in Korea [41].

PTEs are bound to RD, which is a mixture of various particles, are derived from diverse sources,
such as traffic activities (e.g., wear of brake pads, tires, and vehicles; engine exhaust; wear of roads)
and industrial activities (e.g., transportation and processing of industrial raw materials) [7,42–45].

A principal component analysis (PCA) was performed to identify the differences in the parameters
measured in this study (Table 2). Three significant principal components (PC1–PC3) were determined.
PC1 was dominant for Cu, Zn, As, Cd, Pb, and Hg, explaining 35.5% of the total variance. There was a
strong positive correlation between these elements (Table S3). These PTEs did not show significant
relationships with the other measured parameters. The major source of Cu and Zn in urban RD is
the brake pads and tires wearing [44]. The Zn/Cu ratio in RD from urban areas is widely used as a
potential tool to assess the contribution of traffic activities related to the abrasion of brake pads and
tires [25,46]. The Zn/Cu ratio in RD samples from urban areas was reported to be 2.6–5.1 in the USA
and 4.5 in Korea. In this study, the average Zn/Cu ratio was found to be 7.8 and ranged from 0.4 to 62.0.
The mean CV of the Zn/Cu ratio was 93%, indicating a high variability, depending on the sampling
site. In industrial regions, the traffic of large vehicles is higher than that in urban regions. Therefore,
traffic activity would have caused RD pollution with PTEs in industrial regions. Considering the higher
concentration of PTEs, the Zn/Cu ratio, and the large difference in concentrations between industrial
regions, the effect of industrial activities, such as the transport of raw materials and industrial emissions,
on ambient pollution would be greater than that of traffic activity. Hwang et al. [46] reported that the
proportion of Zn in RD samples from urban areas is also affected by climatic factors. Our results show
a relatively higher Zn/Cu ratio and Zn concentration from industrial areas than those in RD samples
from urban areas.

High-strength galvanized steel sheet is widely used in the form of Zn alloy and for Zn plating of
metals containing iron because of its excellent resistance to corrosion [47,48]. It is also used worldwide
in the construction industry owing to its low cost and easy maintenance [49,50]. Indeed, most factories
in industrial areas are assembled using galvanized steel panels. In addition, all industrial complexes
included in this study were located along the coast. The average humidity in the study areas was 61%,
ranging from 47% to 80%. Corrosion of galvanized steel sheets is accelerated by the influence of sea
salt and high humidity. A large amount of Zn accumulates on the road surface. Therefore, in this study,
Cu, Zn, As, Cd, Pb, and Hg contamination in RD samples may have been affected by a combination of
traffic and industrial activities.

105



Atmosphere 2020, 11, 1366

Table 2. Principal component factor scores and eigenvalues of the measured parameter of this study.
The results of the principal component analysis (PCA) (PCA loadings > 0.5) are shown in Bold.

Parameter
Component

PC1 PC2 PC3

Eigenvalue 4.25 2.22 1.3
Variance (%) 35.5% 18.5% 10.9%
Particle size −0.093 −0.024 −0.523

Magnetic susceptibility 0.063 0.504 −0.383
Al −0.122 −0.095 0.803
Li 0.057 −0.070 0.538
Cr −0.051 0.962 −0.022
Ni −0.001 0.947 −0.006
Cu 0.797 −0.002 −0.079
Zn 0.890 0.036 −0.111
As 0.774 −0.044 0.238
Cd 0.929 −0.015 −0.014
Pb 0.938 −0.013 0.010
Hg 0.671 0.032 0.106

PC2 was dominated by magnetic susceptibility, Cr, and Ni, explaining 18.5% of the total
variance (Table 2). According to Pearson’s correlation, magnetic susceptibility shows a strong
positive relationship with the concentration of Cr and Ni (Table S3). In several studies, a good
relationship of magnetic susceptibility with Cr, Ni, Pb, Cu, and Zn present in soils from industrial areas
has been reported [51–53]. The presence of hematite and magnetite as primary and secondary minerals
in soil and solid waste, and the content of Fe, Mn, Cr, Co, and Ni affect the magnetic susceptibility
of soil [54]. The pollution levels of Cr and Ni in this study were lower than those of Cu, Zn, Cd, Pb,
and Hg comprising the PC1 component. PC3 was dominated by Al and Li, explaining 10.9% of the
total variance. Al and Li were not correlated with the other measured parameters (Table S3), indicating
that these elements were mainly derived from natural sources.

3.2. PTEs Pollution and Ecological Risk Assessments

The New York State Department of Environmental Conservation (NYSDEC) [55] has proposed
three types of freshwater sediment guidance values. Class A considered low risk to aquatic life. Class B
is slight to moderately contaminated, and Class C is considered to be highly contaminated. If the PTE
concentration lies between that in Class A and Class C, the sediments pose potential risks to aquatic
life. If the PTE concentration exceeds the Class C threshold value, the sediment could potentially
present a high risk to the aquatic life. Among the 165 RD samples, the concentrations of Cr, Ni, Cu,
Zn, and Pb exceeded the Class C threshold values in 88%, 76%, 68%, 90%, and 75% of the samples,
respectively (Table 3). The concentrations of As, Cd, and Hg exceeded the Class C threshold values in
10–18% of the RD samples, most of which were samples at the Onsan Industrial Complex. In the RD
samples from Onsan Industrial Complex, the concentrations of Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg
significantly exceeded the Class C threshold values, implying that the PTEs present in RD samples
would pose a very high risk to the aquatic life. In Shihwa, Changwon, Noksan, and Pohang Industrial
complexes, the concentrations of only five PTEs, namely Cr, Ni, Cu, Zn, and Pb, exceeded the Class C
threshold values.
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Table 3. Comparison of sediment criteria and percent exceedance samples (in parentheses) using
freshwater sediment guidance values (class A, B, and C) in all RD samples (N = 165) of this study.

Cr Ni Cu Zn As Cd Pb Hg

<Class A
(% samples)

6
(4%)

16
(10%)

6
(4%)

0
(0%)

43
(26%)

61
(37%)

4
(2%)

117
(71%)

Class B
(% samples)

13
(8%)

24
(15%)

46
(28%)

16
(10%)

93
(56%)

81
(49%)

37
(22%)

32
(19%)

>Class C
(% samples)

146
(88%)

125
(76%)

113
(68%)

149
(90%)

29
(18%)

23
(14%)

124
(75%)

16
(10%)

Class A <43 <23 <32 <120 <10 <1 <36 <0.2
Class B 43–110 23–49 32–150 120–460 10–33 1–5 36–130 0.2–1
Class C >110 >49 >150 >460 >33 >5 >130 >1

The geoaccumulation index (Igeo) was applied to compare RD pollution with PTEs in different
industrial areas (Table 4). Cd has the highest median Igeo value among toxic metals. The median Igeo

values were in the following order: Cd (4.5) > Zn (4.1) >Cu (3.6) > Pb (3.2) >Cr (3.3) >Ni (2.1) >As (0.6)
>Hg (–0.02). The Shihwa Industrial Complex is heavily contaminated with Cr, Cu, and Pb and is heavily
to extremely contaminated with Cd and Zn. The median Igeo values revealed that RD from the Daebul
Industrial Complex is not heavily contaminated with Cr, Ni, Cu, As, Cd, Pb, and Hg. The Gwangyang
Industrial Complex is heavily contaminated with Cr and Zn. The Changwon Industrial Complex is
heavily to extremely contaminated with Cr, Cu, Zn, and Cd. The Noksan Industrial Complex is heavily
to extremely contaminated with Ni, Cu, and Pb, whereas it is extremely contaminated with Cr, Zn,
and Cd. Our results show that RD at the Onsan Industrial Complex is extremely contaminated with Cu,
Zn, Cd, Pb, and Hg, heavily to extremely contaminated with As, and moderately contaminated with
Cr and Ni. The Ulsan Industrial Complex is extremely contaminated with Cd. The Pohang Industrial
Complex is extremely contaminated with Cr and heavily to extremely contaminated with Zn and Cd.

Table 4. Comparison of median Igeo values in RD from 9 different industrial areas of Korea.

SH GS DB GY CW NS OS US PH

Cr 3.0 3.0 0.9 3.4 4.7 5.3 2.9 2.2 5.2
Ni 1.7 0.3 −0.8 1.7 2.5 3.6 2.7 1.2 2.6
Cu 3.9 1.8 1.5 1.8 4.0 3.7 7.3 4.0 3.7
Zn 4.0 3.0 3.0 3.7 4.2 5.2 6.9 3.8 4.3
As 0.6 0.2 −0.2 0.3 0.6 0.6 4.5 1.6 −3.1
Cd 4.3 3.0 2.1 2.7 4.6 5.5 8.8 5.0 4.8
Pb 3.9 2.8 1.3 1.3 3.4 4.0 6.9 3.2 2.5
Hg −0.4 −1.8 −2.9 −0.9 −0.8 0.2 5.3 0.7 1.9

 Extremely contaminated   Heavily to extremely contaminated  
 Heavily contaminated     Moderately to heavily contaminated  

 Moderately contaminated  Uncontaminated to moderately contaminated. 

Pollution assessments using Igeo values and comparisons with sediment guidance values have
the advantage of classifying the pollution status for each metal; however, these assessment tools are
limited as they cannot comprehensively assess metallic pollution in environmental samples. Therefore,
the ecological risk assessment was used to evaluate the potential ecological risk of each metal and the
comprehensive toxicity of metals in this study.

The ecological risk factor, Ei
r, and potential ecological risk (PER) for RD from the nine industrial

areas of Korea are presented in Figure 3. The decreasing order of potential Ei
r for PTEs was as follows:

Cd (2573) > Hg (584) > Pb (305) > Cu (139) > As (85) > Zn (45) > Ni (24) > Cr (19). Cd poses a serious
potential ecological risk to the environment. A value of 88% of Cr and 92% of Ni in RD samples was
categorized as below low ecological risk. Values of 57% of Cu, 22% of Zn, 38% of As, 100% of Cd,
75% of Pb, and 60% of Hg exceeded the moderate ecological risk level (Ei

r > 40) (Figure 3). For Cd,
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72% of the RD samples were classified to pose a serious ecological risk (Ei
r > 320). The industrial areas

where Cd posed a serious ecological risk were SH, CW, NS, OS, and US. Among them, in the Onsan
Industrial Complex, most Ei

r values indicated serious ecological risk posed by Cu, Pb, As, and Hg
(Ei

r > 320). The highest median PER value of 25,489 was recorded at the Onsan Industrial Complex
(OS), whereas the lowest median PER value of 250 was observed at the Daebul Industrial Complex
(DB). Based on the PER classification, 4.8% of the total RD-sampling sites were placed in the low
ecological risk category (PER < 150); 7.9% in the moderate risk category (150 < PER < 300); 20.0% in
the severe risk category (300 < PER < 600); and 67.3% in the serious risk category (PER > 600).

 

Figure 3. Ecological risk factors (Ei
r) of individual toxic elements in RD samples in this study.

3.3. RD as a Potential Pollution Source for Coastal Environments and Atmosphere

The median total load of RD at the nine industrial complexes considered in this study was
822 g/m2, ranging from 334 to 1669 g/m2. The total load of RD in the industrial areas was 2.1–6.5 and
15–16.4 times higher than that in the heavy traffic (126–393 g/m2) and urban (50 g/m2 in commercial
areas; 54 g/m2 in residential areas) areas of Korea, respectively [10,41].

The decreasing order of median PTE load (mg/m2) in RD samples from the study areas was as
follows: Zn (2667.6) > Cu (839.4) > Pb (824.9) > Cr (722.5) > Ni (198.6) > As (42.2) > Cd (6.5) >Hg (0.6).
The highest PTE loads in RD were found at the Noksan Industrial Complex for Cr and Ni and at the
Onsan Industrial Complex for Cu, Zn, As, Cd, Pb, and Hg (Figure 4).

The median total PTE load (for Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg) in RD samples was 5302 mg/m2,
ranging from 574 mg/m2 in Gunsan to 26,011 mg/m2 in Onsan. The median PTE load in RD was
120-times higher than that in the urban areas of Korea [41]. Zn occupied a large proportion of the total
load (50.3%), and Cr, Cu, Zn, and Pb accounted for 95.3% of the total load. The total metal load of eight
metals was highest in the Onsan Industrial Complex (Figure 4).

The particle size distribution in RD samples from different industrial areas investigated in this
study is shown in Figure 5. The median relative proportions of particles less than 10 and 125 μm in size
in the RD samples were 6.7% (5.0–8.3%) and 36.2% (23.4–46.2%), respectively. Generally, the highest
PTE concentrations are found in finer size fractions [56,57]. Considering the total area and the total
length of roadways in industrial areas, enormous amounts of RD and PTEs would have accumulated
on the road surface.
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Figure 4. Comparison of median potentially toxic elements (PTEs) load (mg/m2) in RD samples from
different industrial areas in this study. Log-scale was used for arithmetic scaling of the y-axis. Values are
expressed as median ± standard deviation (SD) of the measured metal data.

 

(a) 

 

(b) 

Figure 5. Cumulative curves (a) and particle size distributions (b) in the RD samples from different
national industrial areas of this study.

Runoff and resuspension of RD are important contributors to aquatic environments and ambient
particulate matter (PM) in the urban area [7,58–61]. Therefore, RD has increased environmental
problems, such as water, sediment, and air pollution, and there are concerns regarding human health
associated with RD [25,62–64].

Stormwater runoff derives from the wash-off of RD, which is contaminated with PTEs and thus
imposes an increasing threat to aquatic and coastal environments [65,66]. Aryal et al. [24] reported
that the particle size < 75 μm made up between 6% and 10% of the entire particle size distribution in
runoff from motorways, and such particles contributed to more than 90% of the trace metal content.
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In a previous study [7], we reported that road-deposited sediment (<125 μm) contributed to 41% of a
total load of suspended solids in stormwater runoff at intensive industrial areas of Korea. The relative
contribution of road-deposited sediment to the total PTE load of suspended solids in runoff was
10–25% in urban areas [67] and 22.1% in industrial areas [7]. RD and associated PTEs are ultimately
discharged into coastal environments during wet seasons without any treatment. It has been reported
that the concentration of trace metals around the Onsan Industrial complex is the highest among
that in marine sediments along the coast of Korea [26,32] as well as in stream sediments [68]. One of
the important sources of PTE pollution in coastal sediments around industrial areas is possibly RD,
which is accumulated on impervious surfaces such as roads.

RD resuspension is also a major source of urban air pollution and contributes to non-exhaust
emission (for example, from the wear of brake pads and tires and abrasion of the road surface)
emanating from road transport [63,69,70]. Rexeis and Hausberger [71] reported that 80–90% of the
total particulate matter emission due to traffic came from non-exhaust emission until 2020.

In Korea, it has been reported that resuspension dust or fugitive dust from paved roads
contributes more than 60% of fine dust [72,73]. The mean traffic in the National Industrial Complex
was 52,012 vehicles/day in 2017, comprising 77.4%, 1.9%, and 20.7% of cars, buses, and trucks,
respectively [74]. Therefore, resuspended dust in industrial areas is higher than that in urban areas
owing to the accumulation of large amounts of RD and the increase in traffic-induced turbulence by
large trucks. The fine particles present in RD are inhaled by humans and may have harmful effects on
the respiratory system [75,76].

In Korea, the importance of resuspended dust (fugitive dust) has been emphasized recently, and
roads in urban areas are periodically cleaned using road-cleaning vehicles with vacuum-assisted
rotary sweepers. However, in industrial areas, although the amount of RD accumulated on the road
surface and the concentration of PTEs are very high compared to that in urban areas, there is a lack of
awareness regarding the importance of road cleaning. In addition, industrial complexes in Korea were
created several decades ago; many vehicles are parked on roads around the facility because of the lack
of parking spaces. Large cities are established around the industrial areas where a large population
resides (Table 1). Therefore, it is important to establish a strategy to efficiently remove RD in industrial
areas to protect the health of employees and residents around industrial complexes as well as to reduce
coastal pollution induced by RD wash-off during rainfall events.

4. Conclusions

This study examined the pollution characteristics of PTEs in road dust from nine different
industrial areas in Korea. The PTEs contamination in RD samples was affected by a combination of
traffic and industrial activities, such as corrosion of galvanized steel sheets in factories, transportation
of raw industrial materials, and the presence of smelters. The concentration of Zn in RD was the
highest, but Cd was more severe than that of other elements in terms of pollution and ecological risk
assessment. Considering the total length of the roads, enormous amounts of Cu, Zn, Cr, and Pb would
have accumulated on road surfaces in industrial areas of Korea. Additionally, the mean proportions
of particles < 10 and < 125 μm in size were 6.7% and 36.2% of the total particles in RD, respectively.
PTEs accumulated on the impervious layers, especially road surfaces, may be diffused by the wind,
affecting the surrounding cities and transported to coastal environments without any treatment as a
non-point source, causing coastal pollution. This study provides a scientific basis for solving public
and environmental concerns caused by RD highly contaminated with PTEs and proposes the necessity
of introducing an efficient management strategy to reduce RD, which affects coastal pollution and
human health. Furthermore, it would be important to conduct additional surveys on the impact of
small-sized RD on the health of industrial employees and residents living around industrial areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1366/s1,
Table S1: Detailed climate information of the sampling regions in this study, Table S2: Median, minimum,
and maximum values (in parentheses) for amount of road dust surface loading (g/m2), median particle size

110



Atmosphere 2020, 11, 1366

(μm), magnetic susceptibility (10–6 SI), PTEs concentrations and pollution assessment indices in road dust from
9 different Industrial regions of this study, Table S3: Pearson’s correlation coefficient between the measured
parameters in the RD of this study. Marked correlations (bold) are significant at the 0.01 level (2–tailed).
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Abstract: The metal concentrations and isotopic compositions (13C, 207/206Pb) of urban dust, topsoil,
and PM10 samples were analyzed in a residential area near Donghae port, Korea, which is surrounded
by various types of industrial factories and raw material stockpiled on empty land, to determine the
contributions of the main pollution sources (i.e., Mn ore, Zn ore, cement, coal, coke, and topsoil). The
metal concentrations of urban dust in the port and residential area were approximately 85~112 times
higher (EF > 100) in comparison with the control area (EF < 2), especially the Mn and Zn ions,
indicating they were mainly derived from anthropogenic source. These ions have been accumulating
in urban dust for decades; furthermore, the concentration of PM10 is seven times higher than that of
the control area, which means that contamination is even present. The isotopic (13C, 207/206Pb) values
of the pollution sources were highly different, depending on the characteristics of each source: cement
(−19.6‰, 0.8594‰), Zn ore (−24.3‰, 0.9175‰), coal (−23.6‰, 0.8369‰), coke (−27.0‰, 0.8739‰),
Mn ore (−24.9‰, 0.9117‰), soil (−25.2‰, 0.7743‰). As a result of the evaluated contributions of
pollution source on urban dust through the Iso-source and SIAR models using stable isotope ratios
(13C, 207/206Pb), we found that the largest contribution of Mn (20.4%) and Zn (20.3%) ions are derived
from industrial factories and ore stockpiles on empty land (Mn and Zn). It is suggested that there
is a significant influence of dust scattered by wind from raw material stockpiles, which are stacked
near ports or factories. Therefore, there is evidence to support the idea that port activities affect the
air quality of residence areas in a city. Our results may indicate that metal concentrations and their
stable isotope compositions can predict environmental changes and act as a powerful tool to trace
the past and present pollution history in complex contexts associated with peri-urban regions.

Keywords: urban dust; metal concentration; multi-stable isotopes (13C, 207/206Pb); contamination
assessment; source identification

1. Introduction

Rapid urban development, explosive population growth, industrial activities, and
increases in automobile exhaust have caused widespread pollution in the surrounding
environment [1–4]. Pollutants steadily accumulate in urban areas, and toxic substances,
especially heavy metals, are excessively concentrated [4]. Urban dust (house and road)
and topsoil are environmental key indicators due to the fact that they contain complex
particle mixtures and heavy metal ions from atmospheric deposition [5–7]. Therefore,
studies on metal enrichment in urban dust and surface topsoil has been reported in the
numerous scientific literature [8–16]. It is generally derived from several sources, such
as crustal material, atmospheric sediment, industrial activity, coal combustion, biomass
burning, and traffic activity (emissions, tire wear, brake wear, and road wear) [13], and
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can be easily transported by runoff or resuspended by wind [14]. These pollutants in
industrial complexes and ports, and frequent exposure to residents in adjacent living areas,
can cause various health problems, such as respiratory disease, lung disease, heart disease,
and rhinitis [17–25]. Thus, tracking the source of heavy metal ions and investigating the
quantitative contribution of pollutants as an environmental forensic science is critical to
understanding their environmental behavior and controlling exposure risk [26,27].

Previous studies have developed numerous methods to trace various types of envi-
ronmental pollutions that are often difficult to identify. Metal concentrations and statistical
analyses, such as clustering analysis, principal component analysis (PCA), and multivari-
ate and geostatistical analysis, are frequently used to identify environmental pollution
sources and the routes of metal contamination [3,28–37]. These methods are easy to use,
but typically only offer general information on the sources. Another approach is the use of
metal ratios of some crustal elements, such as Al and Fe (Enrichment Factor, [3]). These
methods may provide useful information on potential enrichments, but the determination
of sources based on these measurements is often uncertain. Isotopic fingerprinting, which
is based on stable isotopic ratios, is a superior and in-depth method used to identify the
origins of various contaminants because isotopic ratios are highly sensitive tracers, as dif-
ferent pollutant sources have difference isotopic values [38–43]. The stable C isotope ratio
(δ13C) of various types of environmental samples reflects the isotope ratio of their source
material and isotopic fractionations related to their generation processes. Samples (e.g.,
urban dust, topsoil, and atmospheric PM) with C derived from different plant materials
(C3 and C4 plants), different fossil fuels (coal, diesel, gasoline, natural gas, and crude oil),
different combustion conditions, and different degrees of post-emission transformation
can be differentiated using their δ13C compositions. Therefore, the δ13C values of samples
have been determined in various studies and used for source apportionment [25,42,44–46].
A number of studies have used Pb isotope ratios to identify the sources and transport
pathways of Pb in atmospheric PM because the Pb isotope ratio does not change during
industrial or environmental processing, retaining its characteristic ratio inherited at its
source [47,48]. Kelepertzis (2016) analyzed the origin of natural Pb originating from soil
and Pb from concrete, asphalt, automobile exhaust gas, and various types of plants [49].
Han (2016) examined the contribution from external sources using the 206Pb/207Pb isotope
ratios of road dust (anthropogenic source) and crust (natural source) [50]. Li (2018) used Pb
isotope consumption to reveal that residential dust originates from coal combustion, while
road dust is an automobile exhaust gas emission [3]; Kumar (2013) found that road dust
in residential areas and adjacent highway dust have different origins [51]. Identifying a
definite source with this information, however, is sometimes difficult due to the uncertainty
associated with the isotope composition of the source (distributed over a wide range) or
occasionally overlapping sources. Because the use of the single isotope ratio has some
limitations in pollution research, better results can be obtained by multiple isotope sys-
tems [3,12,52,53]. Therefore, presents studies have now proposed a new paradigm based
on the understanding of pollution sources of urban dust and topsoil, which indicate that
the combination of multiple approaches should provide more detailed information rather
than the application of only one method. In this study, C and Pb isotopic fingerprints were
determined in main urban pollutant sources such as stockpiles of Mn and Zn ore, cement,
coal, cokes, and topsoil collected from the industrial and residential areas of Donghae port.
This port is one of five major trading ports in Korea, is characterized by international trade
exchanges, and has serious problems with air quality.

Here, the objectives of this study are to (1) determine the metal concentrations in
urban dust (house and road) topsoil, and PM10 samples in industrial, residential, and
port areas; (2) evaluate the spatial distribution of metal concentrations; (3) asses the metal
pollution level; and (4) reveal the potential sources and their contribution through multi
isotopic (C, Pb) compositions. To the best of our knowledge, this is the first study that
combines metal concentrations and multi stable isotope (C and Pb) approaches to address
the behavior of urban dust and the contributions of anthropogenic pollution sources in a
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complex industrial area near an international shipping port. Our results should provide an
improved understanding of the metal behavior in urban dusts and the ability to effectively
manage human and environmental exposure risks.

2. Materials and Methods

2.1. Site Information

Donghae port (37.4◦ S, 129.12◦ N) is an artificial port that was built in 1974, with
an area of 13,542 thousand m2. The port is characterized by a small difference in tides,
and is the largest trading port of the East Sea, which allows entry and departure at all
times. The world’s largest cement plant, Korea’s largest ferroalloy production plant, a steel
plant, a small-scale industrial complex, and a thermal power plant are located adjacent
to Donghae port. Logistics warehousing and stevedoring businesses are prospering at
the port, with a total annual cargo volume of 30,000 tons and a maximum simultaneous
berthing capacity of 16 thousand tons (50,000 tons, class 8 ships) for a total of 3000 ships.
By cargo type, the port stores ore products (12,400 thousand tons) and cement and coal
(11,645 thousand tons and 4290 thousand tons, respectively) [54]. However, due to a lack
of warehouses and logistical planning, raw materials (Mn and Zn ore, cement, zinc, coke,
and briquettes, among others) shipped to the port have been stacked as a stockpile in
surrounding empty land and have been left unattended for decades. There is no minimum
cover facility at the port. Ore materials, transported by means of trucks, are also stacked
uncovered in the ore processing area and are scattered to adjacent areas via wind, such
that the constant exposure of residential areas or adjacent soil is a substantial problem that
has been causing numerous diseases for decades. In addition because the residential area
is located between the port and an industrial complex, residents have been exposed to
various pollutants for an extended period (more than 30 years), resulting in lung diseases
(pneumonia, lung nodules, atelectasis, and calcification), respiratory disorders, and other
chronic health damage. Currently, 16,000 people live in adjacent residential areas; however,
this population decreases every year.

2.2. Sampling

Urban dust (road and house), topsoil, PM10, and pollution source (Mn and Zn ore,
coal, cokes, and cement) samples were collected in June 2016. All samples were taken in
duplicate. The sampling sites were located in different functional areas, including port,
industrial, and residential areas, as shown in Figure 1. In order to compare with the
study area, rural topsoil from 30 km away, in an area that is not affected by industrial
complexes, was selected as a control. Pollution source samples were collected directly
at the stockpiles using a plastic seedling shovel and transferred to 200 mL glass vials for
storage. Urban dust samples were collected from the rooftops and windows of houses
in residential areas, and road dust samples were collected from roads adjacent to the
port, using a brush and plastic dustpan at least three times within 0.5 m. Repeatedly, the
total weight was carefully swept over 300 g. Collected samples were stored in sealed
plastic bags and immediately transferred to the laboratory. Sample were air-dried in
the laboratory for 15 days, then sieved through a 500 μm nylon sieve to remove small
stones and bricks, leaves, cigarette butts, and other debris, and were finally stored in a
refrigerator at 4 ◦C. Topsoil samples were taken three times from the surface to a depth of
1 cm within the upper 1 m2 range using a stainless steel shovel at the site. The samples
were then sealed in a clean polyethylene plastic bag and transferred to the laboratory.
After drying the sample for weeks, foreign substances, such as leaves and large stones,
were removed with a 500 μm nylon sieve, and the samples were pulverized into particles
using a mortar and pestle. The pulverized sample was stored in a refrigerator at 4 ◦C.
PM10 sample collectors were installed on the rooftops of schools, buildings, and houses in
residential, urban, and control areas. PM10 samples were collected for 72 h once a week
from Monday to Wednesday using a high-volume air sampler (HV-1000R, Sibata, Japan),
adapted with a PM10 impactor (Sibata, Japan). PM10 were sampled in quartz microfiber
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filters (254 mm × 203 mm × 2.2 mm) that were pre-combusted to 700 ◦C for 2 h to remove
any volatile organic compound before sampling.

Figure 1. Map showing the location of the sampling sites in Donghae port, Korea.

2.3. Trace Elemental Analysis

All samples were processed and analyzed in a trace metal clean HEPA filtered labo-
ratory, using high purity acids and milliQ water. The ground samples (10 g, minimum)
and quartz filters were digested in a Teflon tube with 50 mL of high-purity mixture acids
(HF/HCl/HNO3, 1:6:2), sonicated for 2 h, and heated on a hot-block at 100 ◦C for 4 h. The
obtained solutions were cooled, filtered through Whatman No. 40 filter paper, and diluted
in 10 mL of 2% HNO3 for subsequent analysis [55]. This digestion procedure was repeated
twice. The solution samples were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 5300 DV, Perkin Elmer, Wellesley, MA, USA) for Cr, Mn,
Co, Ni, Cu, Zn, As, Cd, Pb, Sr, Ba, and Ni.

2.4. Stable Isotope Analysis

For Pb isotope ratio determination, the extracted solutions were purified with ex-
change resin (AG1x8, anionic resin), and were adjusted to a Pb concentration of 20 μg L−1

using 2% HNO3 to monitor the performance of the instrument. The 206Pb/204Pb, 207Pb/204Pb,
208Pb/204Pb, 208Pb/206Pb, and 207Pb/206Pb ratio analyses were carried out on an MC-ICP-
MS (Nu plasma II, Nu). To inject the samples into the MC-ICP-MS, a DSN-100 desolvating
system equipped with a micromist nebulizer was employed.

Thallium (T1, NIST 997), as an internal standard material, was added to all samples to
correct for instrumental drift and Pb mass fractionation, which improved the reproducibility
of the isotope value. In addition, Pb isotope ratios were corrected using a standard reference
material (NIST 981, National Institute of Standards and Technology, USA) through the
standard bracketing method. The NIST SRM 981 standard was separately run after every
five samples to compensate for any mass bias and to assess precision. The combination of
T1 normalization and the classic bracketing method provided an analytical precision of
0.0021, 0.0005, and 0.0002 for 208Pb/206Pb, 207Pb/206Pb, and 206Pb/204Pb, respectively.

To analyze the C isotope ratios of the dust, pollution source, and soil samples, carbon-
ate was removed using concentrated 1 N HCl for 6 h [56]. Triplicate samples placed in acid
with an HCl fume were compared with samples that were not placed in acid with an HCl
fume. This test showed no differences in the δ13C isotope values at less than 0.2‰. There-
fore, no pre-treatment was necessary for the isotope analysis. The stable C isotopic ratios
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(δ13C) in all samples were measured by an isotope ratio mass spectrometer (IRMS) with an
elemental analyzer (Vario MicroCube-Isoprime 100; Elementar-GV Instruments, UK).

The δ values (‰) were calculated using the following equation:

δ (‰) = [(Rsample)/(Rstandard) − 1] × 1000 (1)

where R = (13C/12C). The international reference standard materials for the stable isotope
analysis of δ13C, i.e., Vienna Pee Dee Belemnite (VPDB), were used. The reference materials
were procured from the International Atomic Energy Agency, Vienna, Austria. The δ13C
value was standardized using IAEA-CH-6 (Sucrose) and USGS24 (Graphite). The analytical
precision for the standardization of the reference materials was 0.1‰.

2.5. Assessment of Heavy Metal Pollution

To assess the heavy metal contamination of urban dust, the enrichment factor (EF)
was used:

EF = (Metal/Li)sample/(Metal/Li)background (2)

where (Metal/Li)sample is the concentration of the heavy metal and Li in the sample and
(Metal/Li)background is the concentration of the heavy metal and Li in the control area.
For the background concentration, the average perceptual concentration reported in Rud-
nick and Gao (2003) was used [57]. Al, Fe, and Li are generally used as normalizing
elements [58,59]. Because Al and Fe hydroxides can precipitate when the salinity is changed
in the estuary environment, Li can be more suitable for normalizing than Al and Fe. Addi-
tionally, for road dust, Li has been used frequently as a normalizing element [4,12,15,17].
The EF is divided into five classes according to each heavy metal type as follows: EF < 2,
minimal enrichment; 5 < EF > 2, moderate enrichment; 20 < EF > 5, significant enrichment;
40 < EF > 20, very high enrichment; and EF > 40, extremely high enrichment [60,61].

2.6. Mixing Model

Statistical analyses were performed using the SIAR (Stable Isotope Analysis) Bayesian
mixing model in R (version 3.1.10, [62]). Before the analysis, all data were verified for
normality and homogeneity of variances. Correlations between variables were valuated
using Pearson correlation coefficients.

3. Results and Discussion

3.1. Heavy Metals in Urban Dust, Topsoil and PM10

The concentrations of Co, Sr, and Ba in urban dust (house and road) and topsoil
are similar to the concentration of topsoil in the control area, whereas the concentrations
of Mn, Ni, Cu, Cr, Zn, As, Cd, and Pb are significantly higher than those in the control
topsoil (Table 1). This suggests that Co, Sr, and Ba in urban dust and topsoil are likely
predominantly derived from natural sources; however, Mn, Ni, Cu, Cr, Zn, As, Cd, and
Pb may be influenced by anthropogenic sources. The average concentrations of Mn, Zn,
Pb, and Cd in urban dust are 84-, 111-, 25-, and 56-fold higher and are 241-, 43-, 17-, and
18-fold higher in topsoil compared with those of topsoil in the control area, respectively. In
addition, the average concentrations for those of PM10 in urban area are also approximately
1.3–7.0 times higher compared with the control area, which means that contamination is
even present (Table 2). When compared with the metal concentrations and enrichment
factors of urban dust in other environments worldwide, the levels of Mn, Zn, and Cd
were dozens of time higher; Pb also shows high concentrations, except for in a few studies
(Tables 1 and 3). It is indicated that the study area exhibited severe Mn, Zn, Cd, and Pb
pollution. Therefore, we focused on metals of environmental concern: Mn, Zn, Cd, and Pb.
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Table 2. The concentration of metal ion of PM10 samples in the study area.

Location Type
Metal Ion (ng/m3)

Cr Mn Co Ni Cu Zn As Cd Pb Sr Ba

Donghae,
Korea

PM10
(Urban area,

n = 15)

Minimum 48.3 136.3 1.9 9.7 11.7 97.6 11.9 0.8 15.1 43.5 386.5

Maximum 54.3 781.4 2.4 12.9 902.5 360.0 14.3 2.0 38.0 57.0 539.1

Mean 50.6 452.6 2.1 11.1 222.7 161.6 13.3 1.0 21.3 50.7 456.3

Median 2.7 253.1 0.2 1.2 381.8 111.5 1.0 0.5 9.5 4.9 57.5

SD 49.4 379.2 2.2 11.2 51.9 120.6 13.5 0.8 16.9 51.0 461.8

PM10
(Control

area, n = 3)

Minimum 20.0 53.8 1.4 7.9 6.6 75.6 9.8 0.6 11.7 0.6 284.8

Maximum 58.8 72.3 2.7 11.5 13.3 167.6 21.5 0.7 20.7 0.7 502.4

Mean 43.8 64.3 1.9 9.4 9.8 112.7 13.9 0.7 15.7 0.7 358.3

Median 20.9 9.5 0.8 1.8 3.3 48.5 6.6 0.1 4.6 0.1 124.9

SD 52.7 66.8 1.4 8.8 9.4 95.0 10.4 0.7 14.8 0.7 287.6

Specifically, the concentrations of Zn in urban dust (max = 57,584 mg/kg, mean = 12,987
mg/kg) and topsoil (max = 7366 mg/kg, mean = 5080 mg/kg) around residence and port
areas are significantly higher than those of topsoil in the control area (116 mg/kg). Zinc can
provide parts made of ferrous metal with very efficient anti-corrosion protection in the long
run. It is used as a protective coating for steel products and can be galvanized, sheradized,
or electroplated; it is also a component of zinc rich paint and printing ink for corrosion
protection [4,74,75]. Because there is a Zn smelting plant and steel-related and auto-
parts manufactures located in the study area, it is estimated that the particles generated
from them contributed to the dust in urban area. In addition, frequent transportation by
automobile from the port to the ferroalloy and steel production plants would have affected
urban dust, because Zn is closely related to traffic activities such as tire and brake pad
wear [76]. A comparison of the metal concentration in urban dust with scientific reports are
shown in Table 1. Our results were dozens of times higher compared to those in domestic
industrial complexes [4,12] and other regions of worldwide: Yeung et al. (2003) in Hong
Kong [70], Argyraki (2014) in Greece [66], Yu et al. (2016) in China [8], and Dietrich et al.
(2019) in the USA [65]. The reasons for this trend could be due to the possibility that
there are other major pollutants except for the known Zn sources previously described. It
may result that the particles scattered by the wind from the Zn ore stockpile containing
a high Zn concentration have accumulated in urban dust. Therefore, stockpiles of raw
materials could have a greater impact in urban dust than traffic activities or steel-related
factory operation.

The concentration of Mn in urban dust (max = 157,119 mg/kg, mean = 41,265 mg/kg)
and topsoil (max = 144,214 mg/kg, mean = 117,797 mg/kg) around residence and port areas
are significantly higher than those of topsoil in the control area (488 mg/kg). Manganese
has a very important position in the steel industry. The majority of Mn used in the steel
industry is for strengthening and desulfurization of steel, while the remaining 5% is used
in chemical and battery industries. This is because Mn improves toughness, hardness,
and strength and is used in steel alloy applications [77]. It is also widely used in batteries,
metallurgy, glass materials, ceramic objects, pigments, dyes, glass, fireworks, food, and
medicine [78,79]. Many Mn-related factories are located in the study area, and higher Mn
concentration in the urban dust may result from industrial processes from steel, battery,
and chemical plants. It is indicated that particles derived from Mn-related industries may
be deposited in the urban dust. However, Mn concentrations were 15- to 60-fold higher
than in domestic industries with the most Mn-related factories [4,12] as well as industries
of the world (Table 1). These results suggest that there is another major Mn source apart
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from the known sources previously described; the particles scattered by the wind from
the uncovered Mn ore stockpile in the factory and port area might be deposited in the
surrounding urban and road dust.

The concentrations of Cd in urban dust (max = 192 mg/kg, mean = 44.5 mg/kg)
and topsoil (max = 119 mg/kg, mean = 18.5 mg/kg) around residence and port areas are
significantly higher than those of topsoil in the control area (0.8 mg/kg). It is indicated that
the Cd from various industries might be deposited in the surrounding environment. Cd
and Cd compounds are used in a variety of industries, including in the manufacture of
Ni-Cd batteries and pigment manufacturing [80]. In addition, car tires, body corrosion,
and the lubrication and wear of galvanized parts of vehicles have been reported as a major
source of Cd contamination [81]. Cd is 3-fold higher than in the Shihwa industrial complex
in Korea [4,12] and 4- to 10-fold higher than in most of the literature data in the world
(Table 1). Therefore, industrial activities, transportation by means of automobile, and
the manufacturing and processing of raw materials could have a greater impact on Cd
concentration in urban dust. In addition, because the Zn ore stockpile itself contains a very
high Cd concentration, it is very likely that the particles from the Zn ore stockpile have
affected the Cd concentration in urban dust.

The concentrations of Pb in urban dust (max = 3389 mg/kg, mean = 501 mg/kg)
and topsoil (max = 751 mg/kg, mean = 337 mg/kg) around residence and port areas are
significantly higher than those of topsoil in control area (19.8 mg/kg). Lead is mainly
derived from coal power plants, burning fossil fuels, metal coatings, paint factories, lead
batteries, leather whipping, and waste pyromania, and it is also used as a component in
plastics and rubber [82–84]. In Korea, high Pb concentrations (82 mg/kg) occur in urban
dust from the Ulsan industrial complex, where large factories are located [64]. Argyraki
(2014) reported Pb concentrations of 1660 mg/kg [66], Li et al. (2018) reported 1165 mg/kg
in China [3], and Kelepertizis et al. (2020) reported 85.3 mg/kg in Greece [11] (Table 1).
However, unlike Mn, Zn, and Cd, Pb-ion concentrations are higher than those in domestic
industrial complexes, but lower than those in other urban area in the world. This is because
lead smelting facilities and PCB manufactures are few in Donghae port.

The study area is a port where raw materials are loaded and moved more frequently
than in urban are, and the number of industrial facilities (metal manufacturing, ore pro-
cessing) and power plant operated per unit area is the highest in Korea. The main sources
of urban dust may be pollutants emitted from industrial complexes (steel, cement, coal,
alloy factories), construction and repair activities largely operating in the city and asphalt
pavement weathering, pollutants generated during cargo entry and unloading operations,
pollutants generated from vehicles passing through the port and surrounding roads for
transportation, and spills from adjacent industrial areas. However, this study area has
unique characteristics compared to other area. Due to a lack of storage warehouses, raw
materials (Mn and Zn ore, coal, coke, cement) are stockpiled in the surrounding area of
the port and steel related plants, all within 3 km of the residence, and they are often left
for decades. Therefore, particles scattered by wind from stockpiles (Mn and Zn ore, coal,
coke, cement), which are stacked near ports or factories, is considered to be the main pollu-
tant source. Among the stockpiles of raw material in the port area, the Mn ore stockpile
has a very high Mn concentration, and the Zn ore stockpile has a high Zn, Cd, and Pb
concentration in comparison with other ions, which supports the preceding hypothesis.
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3.2. Spatial Distribution of Metals in Urban Dust

The concentration of heavy metals in the urban dust samples was examined as a
spatial distribution (Figure 2). The Zn concentration was the highest, with an average of
13,860 mg/kg for urban dust in port area, followed by Mn > Cu > Pb > Sr > Ba > Cd > As >
Cr > Ni > Co. In particular, the maximum concentration (57,584 mg/kg) occurs at the I-3
site closest to the port, where the Zn ore stockpile is located, with the concentration being
4-fold higher than the average value and 494-fold higher than the control area, indicating
severe Zn contamination. The Mn concentration was the highest, with an average of
68,793 mg/kg for urban dust in residence area, followed by Zn > Pb > Cu > Sr > Cr > Ba
> Ni > Cd > As > Co. The maximum concentration (157,119 mg/kg) occurred at the O-4
site adjacent to the ferroalloy and Mn-related plant where the Mn ore stockpile is located,
with severe Mn contamination being twice the average value and 321-fold higher than that
in the control area (Figure 2). The Cd and Pb concentrations are, respectively, dozens of
orders of magnitude higher at I-3 and O-1 than those in the control area. The I-3 site, closest
to the port where the Zn ore stockpile is located, is thought to have an effect on the Cd
concentration. Mn, Zn, Cd, and Pb in urban dust showed a smooth decrease with distance
from the pollution source (Mn: R2 = 0.67, Zn: R2 = 0.67, Cd: R2 = 0.69, Pb: R2 = 0.69)
(Figure 2), which indicates that atmospheric deposition from pollutants (Mn and Zn ore
stockpiles) is the main source of heavy metals in urban dust.

Figure 2. Spatial distribution of (A) Mn, (B) Zn, (C) Cd, and (D) Pb in topsoil and urban dust in
Donghae port.
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As the distance increases, it is less susceptible to being transported or scattered by
the wind. Nevertheless, the Mn concentration was 39-fold higher than in the control area,
while the Zn concentration was 3-fold higher than in the control area at site O-1, which is
farthest from the ferroalloy plant. In this study, the general spatial distribution indicates
that the Mn ore stockpile in the ferroalloy production plant and the Zn ore stockpile on
empty space in the port area are the main sources of Mn and Zn in urban dust. However,
several factors may affect the concentration of Mn and Zn ion observed within a specific
spatial region. There are relevant contributions from vehicular and pedestrian traffic,
agricultural activities, street sweeping, specific industrial processes, and incineration and
construction operations [85–87]. Street dust and the fine soil resuspension fractions are
enriched in anthropogenic trace elements, which, if resuspended, can make a notable
contribution to the inhalable trace element load of an urban aerosol [4]. Furthermore, the
emissions profile of refuse incineration depends on a number of process factors; Pacyna
(1983) and Kowalczyk et al. (1982) reported that incineration is a major source of Zn, Cd,
and Sb [88,89]. Wadge et al. (1986) found high levels of Pb and Cd in the finest fraction of
refuse incineration fly ash [90]. However, the concentrations of Mn, Zn, Cd, and Pb in our
studies are dozens to hundreds of times higher than those reported in the literature; the
previously described processes cannot be regarded as the origin of urban dust. Therefore,
it indicates that the origin of the main pollutants in urban dust in this study area is the Mn
and Zn ore stockpiles.

3.3. Metal Enrichment in Urban Dust: Heavy Metal Pollution Assessment

To assess the anthropogenic contamination level, we calculated the EF against the
local baseline (Table 3). Co, Ba, and Sr showed a range from 2 ≤ EF ≤ 5 in all samples,
indicating that they are mainly of crustal origin. Cr, Ni, Cu, and As were characterized by
moderate enrichment on average (2 ≤ EF ≤ 5), but some samples showed 5 ≤ EF ≤ 10,
suggesting that they were affected by anthropogenic pollutants. These results may reflect
the impact of intensive industrial activities, especially metal processing industries, in this
region. Cd and Pb were characterized by moderate enrichment or higher, and Mn and Zn
especially had extremely high enrichment values of EF exceeding 200, often reaching 400;
as the distance decreases from the ore stockpile, the EF tends to increase. These results
also exhibit a similar trend as in recent studies [4,12]. In the case of Mn, EF is the highest
in the topsoil in residential areas, and this is the closest place to the Mn ore stockpile in
the factory.
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On the other hand, in the case of Zn, EF is the highest in the urban dust in the port area
near to the Zn ore stockpile on empty land. This relationship indicates that the Mn and Zn
ore-processing facility and ore stockpile in Donghae port presents a distinct point source.
The EF results for urban dust in this study were significantly higher than those reported
in other studies (Table 3). The average EF of Mn was 28.1 in the urban dust (port) sample
and 140.9 in the urban dust (residence area) sample, which is substantially higher than that
reported by Jeong (2020, EF = 1) [4], Wan (2016, EF = 1.1) [91], Varrica (2013, EF = 8.2) [92],
and Hameed (2013, EF = 4.9) [73] in urban areas. The average EF of Zn is 119 in the urban
dust (port) sample and 104 in the urban dust (residence area) sample. Our results for
the EF values are significantly higher than those in industrial areas of China (Wan et al.,
2016) [91], near highways in France [96], and urban areas in Mexico [69] and India [97].
Therefore, our results show that heavy metals, especially Mn and Zn ions, in urban dust
and topsoil might severely impact biota and human health. Long-term exposure to Zn
can lead to respiratory compression, high fever, chills, and gastroenteritis [98]. Mn toxicity
occurs when excessive manganese is inhaled (or when drinking water contains abundant
Mn) and results in neurotoxic symptoms such as muscle pain, tremors, and memory loss,
which can lead to neuromotor disorders [99]. Cadmium is used for plastic plating and is
classified as a Class 1 human carcinogenic substance by the International Cancer Institute
(IARC). Long-term exposure to Cd dust can increase the risk of developing kidney stones
composed of Ca and P [100]. Pb is one of the most important environmental pollutants,
which is highly toxic even at low concentrations and can threaten human life due to rapid
bioaccumulation and a long biological half-life when exposed [101,102]. Therefore, the
high concentrations of some ions in dust and topsoil in this study area may adversely affect
the health of residents. These observations confirm that the contamination of urban dust
and topsoil in Donghae port should be a concern for local authorities, as these elements
threaten both ecological and human health.

3.4. Contribution of Heavy Meatal Pollution to Urban Dust from the Pollution Source

The stable C isotope ratios (δ13C) in the urban dust (port) samples range from −23.8
to −25.8‰, except at the I-5 site (−20.8‰); urban dust (residence area) ranges from −23.5
to −25.1‰, and the topsoil samples from −24.3 to −25.8‰ (Figure 3). Urban dust (port)
shows a heavy value of −20.8‰ at I-5, but the rest of the study area exhibits a similar
range between urban dust (port) and topsoil, from −24.0 to −25.0‰. Among the pollutant
sources, the stable C isotope ratios of Mn ore, cement, coke, Zn ore, coal, and control topsoil
were −24.8, −19.9, −26.9, −24.2, −23.6, and −25.1‰, respectively, with a clear difference.
The stable C isotope values of soils reflect the isotopic composition of the local vegetation,
which in turn, depends on their photosynthetic pathways and land use [103]. However, the
within-site δ13C values in topsoil samples in the study area were smaller, such that there is
no effect from local vegetation on the relative proportions of C3 and C4 plants. The δ13C
values in urban dust ranged from −23.5 to −25.1‰, except at I-5 (−20.8‰). Morera-Gomez
et al. (2018) characterized the δ13C of aerosols emitted by several sources of contamination
in Cienfuegos: soot particles from the combustion of diesel (δ13C: −26.3‰), shipping (δ13C:
−25.7‰), and power plants (δ13C: −27.1‰) [42]. The δ13C value of urban dust in this
study were enriched relative to these sources. In Mexico city, the δ13C values in urban dust
(−17.0‰) and PM2.5 (−22‰) are more enriched [104], and are also more enriched, ranging
from −16.4 to −18.4‰, in street dust in Japan [105], and more depleted, ranging from
−26.4 to −26.6‰ of aerosol in France [106] (Figure 3). However, our results are similar
to those from Kumasi street dust in Africa, which range from −23.9 to −26.6‰ [46]. We
cannot easily explain the differences between the values for urban dust from our study and
that from previous studies. This trend may be due to the concentration of black carbon,
organic carbon, and inorganic carbon contained in the urban dust. The δ13C value of
black carbon is more depleted than that of TC because of the higher contribution of fossil
fuels [106].
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Figure 3. Comparison of δ13C values between this study and literature reports, including coal-
combustion [106], biomass burning from C3 and C4 plants [107,108] and various urban region:
Kumasi, Ghana [46]; Mexico city, Mexico [104]; Akita, Japan [105]; several major cities in China [109];
Rio de Janeiro, Brazil [110]; Tuscany, Italy [111]; and Paris, France [112]).

The combustion of biomass and automobile fuels (gasoline, LPG, and diesel) can
also contribute to the carbon content of urban dust. Previous studies have reported the
typical δ13C values associated with various fossil fuels, biomass, and their combustion
products [45,82,84]. The δ13C values in urban dust from the study area were out of range
of the C3 and C4 plants [104,106]; also burning has not occurred in or near the study area
for decades. Therefore, urban dust at each location in the study area are notably impacted
by mixtures of the main sources (Mn ore, Zn ore, cement, cokes, coal, and topsoil) with
different δ13C values. The most negative δ13C values were found at a coke stockpile, while
the most enriched δ13C values were found at a cement stockpile. The δ13C values at site
I-5 (port area) were 13C-enriched relative to the other sites, which likely reflects different
carbon sources. The location of site I-5 is close to the cement stockpile, where the δ13C
values are similar to those of cement source, such that there is a possible influence from
cement. However, the δ13C values at site I-4 (port area) had more negative values than
the other sites, i.e., similar to the coke source, which had the most negative δ13C value.
The variations in the δ13C of urban dust from the different locations may therefore reflect
differences in the sources and/or intensity of pollution.

The Pb isotope signatures of urban dust (port) range from 0.864 to 0.889 for 207/206Pb
and 2.102 to 2.136 for 208/206Pb. The 207/206Pb and 208/206Pb ratios of urban dust (resident)
range between 0.863 and 0.882, and 2.093 and 2.127, respectively. The 207/206Pb and
208/206Pb ratios of topsoil range between 0.869 and 0.891, and 2.107 and 2.139, respectively
(Figure 4). Among the pollutant sources, the Pb stable isotope ratio of Mn ore, cement, coke,
Zn ore, coal, and control topsoil is 0.911, 0.859, 0.874, 0.917, 0.836, and 0.774, respectively.
In general, the results show that these source groups are notably different in terms of their
Pb isotope compositions. The 207/206Pb and 208/206Pb ratios plotted in Figure 4 show a
linear trend for all samples with an excellent regression coefficient (R2 = 0.89), although a
slightly better regression coefficient is obtained when only dust is considered (R2 = 0.92,
not shown in figure). The linear array is interpreted to illustrate mixing. The control
topsoil has more radiogenic Pb isotope values, forming a restricted field that defines the
lithologic Pb isotope signature for this region. The Pb isotope value of the pollution source
sample does not overlap the soil sample, suggesting it may be an important component of
the geogenic end-member. In contrast, urban dust, such as the topsoil sample, has a less
radiogenic Pb value, which represents the isotopic imprint of a yet unknown anthropogenic
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end-member. In general, the characteristics of Pb isotopes, after the smelting of nonferrous
metals, reflect the Pb isotope values in the ore before processing because the fractionation
of Pb isotopes rarely occurs during the smelting process, or its effect is minimal. In general,
the Zn concentrations in Zn ore are 4–10%, but when Zn ore is used as a raw material
in Korea, the concentration is increased to 55–60% through flotation [67]. All of these
materials are imported from Australia, Peru, and Mexico (http://www.kita.net accessed
on 10 June 2021). In general, Zn ore from Central and South America is known to have
207/206Pb values of 0.829 to 0.851, while Zn ore from Australia ranges from 0.909 to 0.970.
For Australian Zn ore used in domestic Zn smelting facilities, 207/206Pb was found to have
a value of 0.929 to 0.956. The Pb isotope ratio of Zn ore in the study area falls within the
range of the Pb isotope ratios of Australian Zn ore rather than those from Central and
South America; furthermore, these ratios follow the characteristic Pb isotope line of large
sulfide mines such as the Broken Hill mine in Australia. However, in the study area, the
Pb isotope ratio in the urban dust sample was 0.864–0.891, which is different from the Pb
isotope ratio of the Zn and Mn ore. These results indicate that Pb-induced pollutants in
the urban dust are not only from Zn or Mn ore, but also from a wide variety of pollutants,
such as cement, coke, Zn, and soil. The contribution rate was calculated using the C and
Pb stable isotope ratio of the sample.

Figure 4. Relationship between 208Pb/206Pb and 207Pb/206Pb of soil and urban dust in Donghae port.

As a result of the evaluated contribution of pollutant sources on deposited dust
through the Iso-source and SIAR models using the stable isotope ratios (13C, 207/206Pb),
we found that the largest contribution was derived from Mn (20.4%) and Zn (20.3%)
from industrial factories (Figure 5). These results are consistent with the results of high
concentrations of Mn and Zn in the urban dust mentioned above. In previous studies, Pb
or C isotope ratios alone were used to trace pollution sources, but this is the first study to
identify pollutants using both isotopes ratios.
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Figure 5. Average contribution of the different sources determined by Iso-source R to the soil and
urban dust sample.

3.5. Application of Multi-Isotope Techniques as a Useful Indicator to Trace Pollutant Sources

This research combined the analysis of metal concentration with carbon and lead iso-
topes to characterize sources and source contributions for urban dust and soil in industrial
complex areas near a port. Our results suggest that a stockpile of raw material and the
operation of a steel factory in the Donghae port significantly influence the concentration
levels of Mn, Zn, Cd, and Pb in the surrounding soil and urban dust. In this context, this
study demonstrated that carbon and lead isotopes, combined with the analysis of metal
concentrations, could more effectively trace the effects of anthropogenic pollutants related
to urbanization on urban dust than the analysis of heavy metals alone.

Previous studies have developed numerous methods, such as metal concentration,
metal ratios of some crustal elements, statistical analyses, and clustering analysis, to trace
various types of environmental pollutions that are often difficult to identify. These methods
are easy to use, but typically only offer general information on the source. In addition, this
approach is restricted in its efficacy for determining the specific sources of pollutants and
discriminating among them. In our results, when carbon or lead isotopes were used alone, it
was difficult to distinguish between pollutants (Figures 3 and 4), but when carbon and lead
were used together, pollutants could be distinguished (Figure 6). The source contribution
analysis carry out herein shows that metal concentrations as well as C and Pb isotopes
could be united to helpful quantify source contributions and supply a basis for pollution
prevention. Furthermore, the application of an additional novel multi-isotope approach,
such as Cd, Cu, and Zn as environmental tracers, could be important to identifying
pollution sources, as well as for understanding the behavior or environmental pollution
and contribution of urban dust in various environments. Finally, the establishment of a
database on multi-isotopic composition would remarkably contribute to the identification
and management of individual sources of heavy metal pollution.
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Figure 6. Scatter plot δ13C vs. 207Pb/206Pb of soil and urban dust in Donghae port.

3.6. Implications for Environmental Management and Human Health

New ports are being built or existing ports are being expanded throughout the world
to meet the increasing demands of the population and the requirements of industries [91].
This port activity has the potential to cause serious pollution problem for decades, over
a large area. Port activities can have a negative effect of air quality in the surrounding
areas due to various activities such as loading, transporting, and storing cargo. The
particles derived from port and industrial activities are composed of a complex mixture of
particles, among which the fine fraction may be resuspended by wind and thus cause a
respiratory risk to human health [5,113]. This dust is highly bioaccessible through gastric
and respiratory exposure pathways, leading to lethal disease. Hence, for the monitoring
of pollution levels, identification of pollution sources, control of waste from point and
non-point sources and estimation of pollution levels for future, regular observation and
evaluation are required throughout the entire operation and construction phase of a port.

Urban and road dust runoff discharge into the ocean may also transfer a fairly large
amount of nutrients. The availability of these nutrients beyond coastal ecosystem is also
an important factor for algal blooms. Recently, such events have been reported in the
world [114]. The local authorities in Donghae port are now investing significant efforts
and resources in monitoring the local environment. Our results should help them design a
more effective environmental management of air pollution in Donghae port.

4. Conclusions

The heavy metal pollution of urban dust in ports and residential areas was evaluated
to obtain the relative contribution to pollution source. Most of the heavy metals in the
study area were found in the range of variation of those reported in industrial complex
areas, but some heavy metal such as Mn, Zn, Cd, and Pb presented 85~112-fold higher
levels (EF > 100) than those of the control area, indicating significant contributions of these
elements from anthropogenic sources. As a result of calculating the contribution of six
major pollutant sources by Iso-source model, it was seen that Mn and Zn ore stockpiles
contribute to more than 40% of urban dust. This suggests that both a stockpile of raw
material and the operation of a steel factory in the Donghae port significantly influence the
concentration levels of Mn, Zn, Cd, and Pb in the surrounding soil and urban dust. For
the first time, C and Pb stable isotope ratios in urban dust were assessed to trace pollution
sources in an industrial complex port area. This study provides appropriate guidance for
further assessing the contributions of pollution sources in the study area, and could help to
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establish environmental strategies for the improvement of air quality and ecosystem. All
of the above can be utilized by public health authorities and policymakers in Donghae port
and in other areas with similar geo-environmental conditions.
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Abstract: The present study focused on investigating the contamination and risk assessment for 16 met-
als in street dust from Ha Noi highway, Ho Chi Minh City. The results indicated that the concentrations
of metals (mg/kg) were found, in decreasing order, to be Ti (676.3 ± 155.4) > Zn (519.2 ± 318.9) > Mn
(426.6 ±113.1) > Cu (144.7 ± 61.5) > Cr (81.4 ± 22.6) > Pb (52.2 ± 22.9) > V (35.5 ± 5.6) > Ni (30.9 ± 9.5)
> Co (8.3 ± 1.2) > As (8.3 ± 2.5) > Sn (7.0 ± 3.6) > B (5.7 ± 0.9) > Mo (4.1 ± 1.7) > Sb (0.8 ± 0.3) > Cd
(0.6 ± 0.2) > Se (0.4 ± 0.1). The geo-accumulation index (Igeo) showed moderate contamination levels
for Pb, Cd, Cu, Sn, Mo, and Zn. The enrichment factor (EF) values revealed moderate levels for Cd,
Cu, Mo, and Sn but moderate–severe levels for Zn. The pollution load index of the heavy metals was
moderate. The potential ecological risk (207.43) showed a high potential. Notably, 40.7% and 33.5% of
the ecological risks were contributed by Zn and Mn, respectively. These findings are expected to provide
useful information to decision-makers about environmental quality control strategies.

Keywords: metals; street dust; enrichment factor; geo-accumulation index; ecological risk; Vietnam
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1. Introduction

Street dust, road dust, or urban street dust are names for dust on road surfaces. Street
dust contains various metals deriving from many different sources, such as vehicle emis-
sions, residential combustion, solid waste combustion, power plants, industrial activities,
and city construction [1]. The presence of metals in the street dust may cause both adverse
environmental effects and human health issues [2]. Metals associated with street dust
are a current concern of scientists around the world. Many researchers have evaluated
the levels of metals in street dust collected from various countries, for example China,
Colombia, Iran, Jordan, Turkey, United Arab Emirates (UAE), Vietnam, etc. Most of these
studies focused mainly on six to eight metals [3–12]. Some studies extended the list to more
than eight metals [13–17]. The results showed that the concentration of metals fluctuates
widely up to 8430 mg/kg [6]. Various methods were employed to determine the level of
metal pollution in dust, for example the enrichment factor (EF) [4], geo-accumulation
index (Igeo) [18–20], pollution load index (PLI) [3,21], and ecological risk assessment
(ERA) [4,5,22–26]. The results all indicated significant potential risks of metals for hu-
man health as well as ecosystems.

The characteristics of street-dust metals and the related emission sources and risks
have not received much attention in Vietnam, where there are many cities with high traffic
density, dense population, and interwoven industrial zones. To the best of our knowledge,
only three studies have been conducted to determine the street-dust metal levels in Vietnam.
Firstly, Phi et al. [27] conducted monitoring of the concentration of six metals in street
dust sampled at 163 locations from Hanoi, Vietnam. Secondly, the concentration of eight
metals (Pb, Cu, Cr, Zn, Fe, Mn, K, and Ca), and the risk assessment for five metals (Cu,
Pb, Cr, Zn, and Mn) from exposure to street dust from Highway No. 5 and Highway
No. 18 in Northeast Vietnam were investigated by Phi et al. [28]. Thirdly, Dat et al. [12]
measured the concentrations of eight metals (Pb, Cu, Cr, Zn, Mn, Ni, Cd, and Co) in street
dust in Southern Vietnam. Information on the spatial distribution, potential emission
sources, and risk assessments for multiple metals associated with the rapid urbanization
and industrialization in Ho Chi Minh City is limited.

From the literature review, it was found that most studies focused on common metals
(Cd, Co, Ni, Pb, Cr, Cu, Mn, and Zn). Recently, survey studies have been undertaken in
cities with high traffic density and industrial development areas, such as Ho Chi Minh
City [13,14]. The results showed that in addition to the metals mentioned above, many
other metals were detected (Se, Sb, Mo, B, Sn, As, V, Ti, etc.) with relatively high concen-
trations. Measuring more elements results in a more complete assessment of pollution
levels. Therefore, with the desire to provide a comprehensive view for policymakers on
environmental pollution control strategies, this study investigated the spatial distribution
and potential emission sources of 16 metals (Se, Cd, Sb, Mo, B, Sn, As, Co, Ni, V, Pb, Cr,
Mn, Cu, Zn, and Ti) in the street dust collected from one of the main routes entering Ho
Chi Minh City (Ha Noi highway). Possible sources and relationships between the metals
were interpreted using multiple statistical analysis methods such as Pearson’s correlation
coefficient, principal component analysis (PCA), and hierarchical cluster analysis (HCA).
In addition, we calculated the geo-accumulation index (Igeo), pollution load index (PLI),
and enrichment factor (EF), to evaluate the levels of anthropogenic enrichment by metals.
Finally, the potential ecological risk index (PER) was calculated.

2. Materials and Methods

2.1. Sampling Site

Ho Chi Minh (HCM) City is the biggest city in the Southeast of Vietnam (Figure 1a,b),
with an area of 2095 km2. It has a tropical climate (average annual precipitation of 1800 mm
and temperature of 28 ◦C). There are two main seasons: the dry (December–April) and
wet (May–November) seasons [29]. In recent years, Ha Noi highway has been the main
thoroughfare (Figure 1c) connecting HCM city with Binh Duong and Dong Nai provinces,
where there are many industrial zones.
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Figure 1. A regional map of Vietnam (a); Ho Chi Minh City (b); sampling sites on Ha Noi highway (c); background sampling
sites in Can Gio District (d).

2.2. Sample Collection, Preparation, and Analytical Methods

A total of 13 samples were collected in this study, of which 10 were street-dust samples
from Ha Noi highway (Figure 1c) and 3 were background soil samples from Rung Sac
Street, Can Gio District (Figure 1d). Samples were collected during February 2020 using
brushes, dustpans, and clean plastic. Each sample was collected over an approximate
area of 2 m2 adjacent to the street curb, and 500 g of the dust sample was collected into a
polyethylene bag before shipping it to the lab for treatment and metals analysis [30]. In this
study, background samples were collected in Can Gio District because no industrial zones
are located in this area, and the population and traffic densities are low (Figure 1d). The
samples were dried in ambient conditions to stabilize moisture and then sieved through
a nylon sieve of 149 μm diameter. Finally, the samples were stored in a desiccator until
further treatment for metals analysis. The locations of the sampling sites and the GPS
coordinates are shown in Table S1.

In this study, the extraction procedures strictly followed those reported by Dat et al.
(2021), which are presented in detail in the Supplementary Materials. Briefly, the dust sam-
ples were analyzed for extractable metals according to EPA Method 3051A [31] and Method
200.8, Revision 5.4 [32]. All reagents were of analytical grade (Merck) and purification
was needed before digestion. Sixteen metals (Se, Cd, Sb, Mo, B, Sn, As, Co, Ni, V, Pb, Cr,
Cu, Mn, Zn, and Ti) were quantified using inductively coupled plasma mass spectrometry
(ICP-MS; model 7700x, Agilent, Santa Clara, CA, USA) with an ICP-MS-grade standard.
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The metals were measured in triplicate for each sample and a blank test was conducted for
every 10 samples. Blank samples were prepared and analyzed using the same procedure,
showing concentrations below the method detection limit (MDL). QA/QC of the analytical
method was ensured by analyzing the certificate reference material for urban particulates
(SRM-1648a). The results indicated that the recoveries ranged from 90 to 120% for all
metals. The MDLs of Se (20 μg/L), Cd (20 μg/L), Sb (20 μg/L), Mo (2 mg/L), B (2 mg/L),
Sn (0.2 mg/L), As (20 μg/L), Co (0.2 mg/L), Ni (0.2 mg/L), V (2 mg/L), Pb (20 μg/L), Cr
(0.2 mg/L), Cu (2 mg/L), Mn (2 mg/L), Zn (5 mg/L), and Ti (2 mg/L) were significantly
lower than the concentrations of metals found in this study.

2.3. Degree of Contamination and Pollution Load Index
2.3.1. Geo-Accumulation Index (Igeo)

We investigated the Igeo values to evaluate the contamination levels of the metals,
computed according to Equation (1).

Igeo = log2

(
Cn

1.5Bn

)
(1)

where Cn and Bn are the street-dust metal concentration of sample n and the background
sample, respectively. The factor of 1.5 was applied to correct for potential background
variation [12]. The risk was evaluated based on the criteria of seven grades, as presented in
Table S2.

2.3.2. Enrichment Factor (EF)

The EF was computed to assess the degree of contamination. This was first carried out
by Buat-Menard and Chesselet [33] for oceanic suspended matter, and then for heavy metals
in street dust [19,25,34]. Table S2 shows the standard criteria for EFs, employed to evaluate
the metals contamination. The EF was estimated based on Equation (2). The elements
Fe [25,34–36], Al [37,38], and Mn [39,40] are common references (ref) when computing the
EFs of toxic metals in environmental samples. In this study, we selected Fe to represent the
reference element.

EF =
(Ci/CFe)Sample

(Ci/CFe)Background
(2)

where EF is the enrichment factor and (Ci/CFe)Sample and (Ci/CFe)Background are the ratios
of the metal concentration (Ci) to the concentration of Fe (CFe) in the street dust and
background samples, respectively.

2.3.3. Pollution Load Index (PLI)

The pollution level of metals in street dust was evaluated via the PLI value calculated
using Equations (3) and (4):

Pi =
Ci

Cb
(3)

PLI = n
√

P1 × P2 × P3 × . . . .Pn (4)

where Pi is the pollution index for element i, Ci and Cb are the concentrations of element i
and the background for element i, PLI is the pollution load index, and n is the number of
metals analyzed in this study. The five categories of Pi and the four categories of PLI [41]
are shown in Table S2.
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2.4. Potential Ecological Risk (PER)

The PER index was first defined by Hakanson [42]. The PER represents the potential
ecological risk factor of multiple metals, calculated [25,26,42] according to Equations (5)
and (6):

Ei = Ti × Ci
f (5)

PER = ∑ Ei (6)

where Ei is the potential ecological risk index of metal i, Ti is the toxic response factor of
each metal (i.e., Cu = Ni = Co = Pb = 5; Mn = Zn = Cr = 2; Cd = 30) [43], and Ci

f is the
contamination factor of metal i. Detailed information on the five categories of Ei and four
categories of PER can found in Table S3.

2.5. Data Analysis

Statistical analysis was carried out using OriginPro 2021 software (OriginLab Corpora-
tion, Northampton, MA, USA). Multivariate statistical analyses (i.e., Pearson’s correlation,
principal component analysis (PCA), and cluster analysis) were conducted to identify the
potential sources of metals.

3. Results and Discussion

3.1. Basic Statistics of Metals Concentration

Figure 2a shows the box plot of the concentrations of the 16 metals from different
sampling sites. In general, the metal concentrations (mg/kg) decreased in the order Ti
(676.3 ± 155.4) > Zn (519.2 ± 318.9) > Mn (426.6 ±113.1) > Cu (144.7 ± 61.5) > Cr (81.4 ± 22.6)
> Pb (52.2 ± 22.9) > V (35.5 ± 5.6) > Ni (30.9 ± 9.5) > Co (8.3 ± 1.2) > As (8.3 ± 2.5) > Sn
(7.0 ± 3.6) > B (5.7 ± 0.9) > Mo (4.1 ± 1.7) > Sb (0.8 ± 0.3) > Cd (0.6 ± 0.2) > Se (0.4 ± 0.1).
Figure 2b shows the percentage contribution of the metals at different sampling points. Ti,
Zn, and Mn were major contributors to the total metal concentration, accounting for about
35%, 23%, and 21%, respectively, while minor contributions were obtained from Se (0.02%),
Cd (0.03%), and Sb (0.04%). In total, 93% of the samples collected on the highway had heavy
metal concentrations in excess of their background concentrations. This result suggests a
significant influence of anthropogenic sources on the concentrations of these metals [4,44].

In this study, Zn, Cu, Mn, Pb, Cr, and Ni contributed the most to the total metal
concentration in the street-dust samples. The spatial distributions of six selected metals are
shown in Figure 3. High values for Ni (55.7 mg/kg), Pb (93.5 mg/kg), Cr (123.6 mg/kg),
Cu (289.4 mg/kg), and Mn (642.7 mg/kg) were also recorded at D4, and a high value for
Zn (1062.7 mg/kg) was recorded at D3, a location close to high traffic density, a residential
area, the university, and a supermarket. The highest value for heavy metals was recorded
at locations D3 (Zn) and D4 (Ni, Pb, Cr, Cu, and Mn), while the minimum values for
those metals were detected at D2 (Ni and Cr), and D9 (Pb, Cu, Mn, and Zn). At D4, high
concentrations of metals were obtained because it is located near Thu Duc crossroads on
Ha Noi highway, with high traffic density.
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Figure 2. Average Concentrations of the metals (Se, Cd, Sb, Mo, B, Sn, As, Co, Ni, V, Pb, Cr, Mn, Cu,
Zn, and Ti) in the sampling sites (black dots present the concentration values of metals at different
sampling sites) (a) and the contributions of heavy metals at the sampling point (b).

In this study, the coefficients of variation (CV = S.D/mean value) were determined for
16 metals (Se, Cd, Sb, Mo, B, Sn, As, Co, Ni, V, Pb, Cr, Cu, Mn, Zn, and Ti). The CV values
can be classified as low variability for CV < 0.2, moderate variability for 0.2 ≤ CV < 0.5,
high variability for 0.5 ≤ CV < 1.0, and extremely high variability for CV ≥ 1.0 [45]. In this
study, the CV of Cd was 1.1, suggesting extremely high concentration variability. Relatively
high CV values were also obtained for Zn and Sn (0.6 and 0.5). The CV values of Cu,
Pb, Sb, Mo, Se, As, Ni, Cr, Mn, B, V, and Ti showed moderate variability, while the CV
value of Co showed low variability. The high CV values of some of the elements showed a
strong anthropogenic influence [4,41,46,47]. Detailed information on the mean, standard
deviation, min, max, CV, and background concentrations of the 16 metals studied can be
found in Table S4 in the Supplementary Materials.

In a comparison among the metals, high concentrations of Ti, Zn, Mn, Cu, Cr, and
Pb and low concentrations of Sb, Cd, and Se were observed in this study (Table 1). The
mean concentration of Ti (676.3 ± 155.4 mg/kg) in this study was significantly higher
than that of 158.4 mg/kg reported from Asaluyeh County, Iran [17], but the value was
significantly lower than those reported from Hefei, China (1522 mg/kg) [15], Xining City,
China (1977.9 mg/kg) [14], and Nanchang City, China (3277.9 mg/kg) [4].
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Figure 3. Spatial distribution of Zn, Cu, Mn, Pb, Cr, and Ni at sampling sites.

The average Zn concentration was 519.2 ± 318.9 mg/kg, with the highest Zn concen-
tration found in sample D3 (1062.7 mg/kg), while the lowest level was measured in sample
D9 (136.1 mg/kg). A high Zn level in street dust was also recorded by Shabbaj et al. [46]
(487.5 mg/kg) and Bartholomew et al. [6] (8430.3 mg/kg). Bourliva et al. [47] and
Idris et al. [48] showed that tire wear, brake wear, brake pads, lubricating oils, engine tires,
diesel exhaust, and wear of machine parts were the potential emission origins of Zn in street
dust. The Zn concentration (519 mg/kg) obtained in urban street dust was over 7.9-fold
higher than the background level (71.27 mg/kg). A similar Zn level was found by Shabbaj
et al. [46] in Jeddah (Saudi Arabia) (487.5 mg/kg). In addition, the Zn value reported in
this study was much higher than those reported from Hanoi, Vietnam (369 mg/kg) [27],
Urumqi, China (224.5 mg/kg) [49], the Petra region, Jordan (129 mg/kg) [9], and Lahore,
Pakistan (67.9 mg/kg) [50]. On the other hand, our value was significantly lower than that
from Jinhua, China (8430.3 mg/kg) [6].

The concentration of Cu (144.7 ± 61.5 mg/kg) was over 5.3-fold higher than the
background level (27.1 mg/kg). The highest Cu concentration was observed in sample D4
(289.4 mg/kg) and the lowest level was reported in sample D9 (64.7 mg/kg). The mean
value of the Cu concentration was higher than those previously reported from various
sites worldwide. For instance, Cu concentrations of 51, 54.8, 64.9, 97.4, and 133.7 mg/kg
were determined in street dust from Dezful, Iran [16], Xi’an China [3], Highway No. 5,
Vietnam [28], Beijing, China [5], and Jinhua, China [6], respectively. This study found a
Cu concentration lower than those documented in other sites, e.g., Ho Chi Minh, Vietnam
(153.7 mg/kg) [12], and Tianjin, China (527.5 mg/kg) [13]. Copper in street dust may also
originate from exhaust gases and lubricating oils [51], or be released from manhole cover
metal, wear of tires and brake pads, and emissions from engine parts [21,52].
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The Cr mean concentration (81.4 mg/kg) exceeded the background level (27.1 mg/kg)
by over 3.0 times. The highest Cr concentration was obtained in sample D4 (123.6 mg/kg),
while the lowest value was observed in sample D2 (51.3 mg/kg). These values were higher
than those previously reported from Asaluyeh County, Iran (37.3 mg/kg) [17], the Lagos
metropolis, Southwestern Nigeria (41.3 mg/kg) [53], and Dezful, Iran (44 mg/kg) [16].

The value of the Pb concentration in street dust (52.2 mg/kg) was similar to the
values reported by previous studies from Dezful, Iran (54 mg/kg) [16], Abu Dhabi–Al Ain
National highway, UAE (50.1 mg/kg) [11], and Beijing, China (62.3 mg/kg) [5]. On the
other hand, higher levels of Pb were also found in other studies, for instance, in Nanchang,
China (89.5 mg/kg) [4], Xi’an, China (94.5 mg/kg) [3], Jinhua, China (110.6 mg/kg) [6],
and Tianjin, China (120.7 mg/kg) [13].

The results of this study revealed that the mean Cd concentration (0.6 ± 0.2 mg/kg)
in street dust was higher than for the background site (0.1 mg/kg). However, more than a
few times higher Cd concentration was found in street dust samples in previous studies
documented by Bartholomew et al. [6], Zhang et al. [13], and Alsbou and Al-Khashman [9].
The previous studies indicated that leakage of diesel fuel and lubricating oil were potential
sources of Cd in street dust [54], and Wahab et al. [21] also revealed that Cd is one of the
trace components in diesel fuel, car paints, and brake pads.

3.2. Heavy Metals Identification Resource
3.2.1. The Correlation Coefficient among the Heavy Metals in This Study

The Pearson’s correlation coefficient could reveal the inter-element relationships
that help to understand the transformation pathways of metals and their sources [25].
Egbueri et al. [24] suggested correlation coefficients in the range of 0.0–0.3 for poor, 0.4–0.6
for moderate, and 0.7–1.0 for strong correlations. A strong correlation between metal
pairs would reveal a similar origin, such as the same sources [26]. The coefficients for
inter-element correlation in street dust are presented in Figure 4a. Strong and significant
(p < 0.05) correlations were obtained for various metal pairs, including: (a) Ti-V (r = 0.86),
Ti-B (0.75), Ti-Mn (0.74), Ti-Pb (0.73); (b) Zn-Pb (0.77), Zn-Mn (0.77), Zn-Mo (0.72), Zn-Co
(0.71); (c) Cu-Pb (0.91), Cu-Sn (0.89), Cu-Ni (0.8), Cu-Sb (0.82), Cu-Cr (0.76), Cu-Co (0.75),
Cu-V (0.74); (d) Cr-Sn (0.9), Cr-Mo (0.87), Cr-Ni (0.86), Cr-Pb (0.73); (e) Pb-Sb (0.82), Pb-V
(0.77), Pb-Sn (0.76), Pb-Co (0.71); (f) V-B (0.82), V-Co (0.79), V-Sb (0.71); (g) Ni-Sn (0.89),
Ni-Mo (0.79), Ni-Sb (0.72); (h) Co-Sb (0.83), Co-Sn (0.83); (i) Sn-Mo (0.84), Sn-Sb (0.83); (j)
Mo-Sb (0.75). Anthropogenic activities are well known as potential sources of metals in
street-dust samples [23,55]. Processes including tire wear, brake wear, brake pads, diesel
exhaust, lubricating oils, engine tires and wear of machine parts are possible sources of Zn,
Pb, Ni, and Cr [47,48], while industrial processes, gas refineries, fuel combustion [56,57],
and car paints are possible sources of Ni [21]. Lau et al. [58] showed that smelting industries
produce a large number of heavy metals (e.g., Fe, Co, Mn, and V), and e-waste recycling
could contribute large amounts of trace elements such as Pb and Cd to street dust.
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(a) (b) 

(c) 

Figure 4. Analysis of sixteen metals in Ha Noi highway street dust: (a) Pearson correlation coefficients among the heavy
metals; (b) results from PCA in 3-D space; (c) dendrogram results calculated using the Ward’s method for cluster analysis.

3.2.2. Principal Component Analysis (PCA)

PCA is a widely applied multivariable statistical method to identify the potential
sources of street-dust metals [26,59]. Figure 4b shows the rotated component matrix
results for metals in street dust. Detailed information on the scree plot of the PCA and
the results of the PCA for 16 metals in street dust from Ha Noi highway, HCM City, can
be found in Figure S1 and Table S3. The Kaiser–Meyer–Olkin (KMO) value was 0.72,
suggesting the suitability of the PCA method for this study. The PCA data displayed three
main components with eigenvalues >1. The three principal components (PCs) obtained
explained more than 84% of the variance of the data.

The component PC1 was dominated by Sb, Mo, Sn, As, Co, Ni, V, Pb, Cr, and Cu,
accounting for 56.8% of the total variance. Sources of Cu, Pb, and Zn could be various
anthropogenic activities (e.g., tire wear, brake wear, diesel exhaust, and wear of machine
parts) [49,60,61]. Nickel (Ni) is used in battery and electronic manufacturing [2]. In addition,
Hini et al. [49] indicated that Cr can be derived from the wearing and aging of tires and
from tool manufacturing. The EF values of V (1.1), As (1.3), Ni (1.4), Sb (2.17), Cr (2.2), and
Pb (2.8) were between 1 and 3, suggesting less enrichment of these metals. On the other
hand, the EF values of Cu (3.9), Mo (4.2), and Sn (4.3) ranged between 3 and 5, suggesting
a moderate enrichment level. Therefore, it is suggested that these metals (Sb, Mo, Sn,
As, Ni, V, Pb, Cr, and Cu) might originate from vehicular and industrial activities. The
result of the enrichment factor analysis showed that the EF value of Co (0.8 < 1) indicated
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a limited influence of human activity (i.e., no enrichment). The results of the PCA and
the EF indicated that Co was of lithological (natural) origin, while other metals (i.e., Sb,
Mo, As, Ni, Sn, V, Pb, Cr, and Cu) in street dust were of mixed origins (lithological and
anthropogenic origins).

The PC2 component was characterized by high loading of Se, B, Mn, Ti, and Zn,
contributing 18.3% to the total variance. The EF values of Se (0.95) and Mn (0.7) were
lower than 1, thereby indicating that these metals showed limited enrichment and less
impact from human activity. The EF values of B (2.02) and Ti (1.05) were between 1 and
3, demonstrating minor enrichment, and the EF value of Zn (5.28) ranged between 5 and
10, suggesting a moderate–severe level of enrichment. This means that Zn was caused
by vehicular activities. The results of the PCA and the EF indicated that Se and Mn were
of lithological (natural) origin, while the elements B, Ti, and Zn in street dust were of
vehicular origin.

The PC3 component was dominated by Cd, and this factor contributed 9.2% to the
total variance. Sources of Cd in street dust could be from diesel fuel, brake pads, and car
paints [21]. In addition, the EF value of Cd (3.85) revealed moderate enrichment. This
suggested that human activities may have influenced the concentration of Cd in street dust.

3.2.3. Cluster Analysis

Cluster analysis was used to reveal the differences between the potentially toxic
elements and the differences among sampling sites for street-dust samples from the study
area. The Euclidean distance method was used in the clustering of variables and row
dendrograms. The results are represented as a heat map in Figure 4c. The top dendrogram
shows the similarity between potentially toxic elements while the left dendrogram shows
the clustering of the sampling sites. Two clusters of elements were identified: Mn, Zn, and
Ti in cluster 1 and Se, Sb, Cd, Mo, B, Sn, As, Co, Ni, V, Pb, Cr, and Cu in cluster 2 (Figure 4c).
The left dendrogram provides detailed information about the street-dust samples from
which spatial differences were inferred. The cluster analysis results indicate two clusters
of sampling sites: (1) D3, D4, and D5; (2) D1, D6, D8, D10, D2, D7, and D9, in terms of
similarities (Figure 4c).

3.3. Pollution Indices
3.3.1. The Geo-Accumulation Index (Igeo)

Igeo values were computed to assess the levels of accumulation of the metals in street
dust (Figure 5a). The results show that Co, Se, Mn, Ti, and V were classified as uncon-
taminated, as the Igeo values of Co (−0.39 ± 0.22), Se (−0.25 ± 0.4), Mn (−0.1± 0.37), Ti
(−0.08 ± 0.34), and V (−0.07 ± 0.25) were less than 0. The mean values of Igeo computed for
As (0.15 ± 0.19), Ni (0.34 ± 0.38), B (0.87± 0.24), Sb (0.89 ± 0.59), and Cr (0.95 ± 0.4) belong
to the uncontaminated-to-moderately-contaminated class. For Pb, Cd, Cu, Sn, Mo, and Zn,
the Igeo values ranged from 1 to 2 (Pb (1.21 ± 0.67), Cd (1.37 ± 1.07), Cu (1.72 ± 0.61), Sn
(1.79 ± 0.81), Mo (1.85 ± 0.56), and Zn (2 ± 0.99)), indicating a moderately contaminated
level. Similar Igeo results for Pb, Cu, and Zn have been reported by Shahab et al. [18]. The
mean Igeo value was the highest for Zn (2 ± 0.99) and increased in the following order: Co
(−0.39 ± 0.22) < Se (−0.25 ± 0.4) < Mn (−0.1± 0.37) < Ti (−0.08 ± 0.34) < V (−0.07 ± 0.25)
< As (0.15 ± 0.19) < Ni (0.34 ± 0.38) < B (0.87± 0.24) < Sb (0.89 ± 0.59) < Cr (0.95 ± 0.4) <
Pb (1.21 ± 0.67) < Cd (1.37 ± 1.07) < Cu (1.72 ± 0.61) < Sn (1.79 ± 0.81) < Mo (1.85 ± 0.56)
< Zn (2 ± 0.99), with higher Igeo values indicating greater levels of contamination. High
Igeo values for Zn and Pb in the study can be linked to traffic activities. Among the 16
target metals, Zn was the biggest contributor to the potential ecological risk. The location
exposed to the highest potential risk was D3.
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Figure 5. Box plots of enrichment factors (a), Igeo index values of heavy metals (b), and pollution
levels of heavy metals (c) in this study (black dots present the outlier values).

3.3.2. Enrichment Factor (EF)

The EF values for each metal were determined to distinguish anthropogenic from
natural sources and to evaluate the contamination level [62]. From Figure 5b, the mean
values of the EF were ranked in the order Zn (5.28 ± 3.24) > Sn (4.27 ± 2.21) > Mo
(4.21 ± 1.70) > Cu (3.86 ± 1.64) > Cd (3.85 ± 2.17) > Pb (2.75 >1.21) > Cr (2.18 ± 0.60) > Sb
(2.17 ± 0.86) > B (2.02 ± 0.32) > Ni (1.42 ± 0.44) > As (1.27 ± 0.39) > V (1.05 ± 0.17) > Ti
(1.05 ± 0.24) > Se (0.95 ± 0.32) > Co (0.84 ± 0.13) > Mn (0.70 ± 0.18). The mean values
of the EF index of Mn (0.7), Co (0.84), and Se (0.95) were below 1, indicating that these
elements were categorized as showing no enrichment. The EF values of Ti (1.05), V (1.05),
As (1.27), Ni (1.42), B (2.02), Sb (2.17), Cr (2.18), and Pb (2.75) were between 1 and 3, thereby
demonstrating minor enrichment. The EF values of Cd (3.85), Cu (3.86), Mo (4.21), and Sn
(4.27) were between 3 and 5, revealing moderate enrichment by these elements. The EF
value of Zn (5.28) ranged between 5 and 10, suggesting moderate–severe enrichment levels.
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This suggests that in our sampling area, Cd, Cu, and Zn might be affected by anthropogenic
activity. This indicates that human sources are very important [39].

3.3.3. Pollution Load Index (PLI)

A summary of the Pi and PLI values of the 16 target metals is shown in Figure 5c. The
street-dust samples showed low pollution by Co (PCo = 1.2), Se (PSe = 1.3), V (PV = 1.4),
Mn (PMn = 1.4), Ti (PTi = 1.5), As (PAs = 1.7), and Ni (PNi = 2.0) and moderate pollution by
B (PB = 2.8), Sb (PSb = 3.0), and Cr (PCr = 3.0). The remaining elements, Pb (PPb = 3.8), Cd
(PCd = 5.3), Cu (PCu = 5.3), Mo (PMo = 5.8), Sn (PSn = 5.9), and Zn (PZn = 7.3) were found
to show heavy pollution. Kamani et al. [63] calculated the values of Pi for heavy metals
in street dust in Tehran, Iran, obtaining values for Cd (PCd = 4.77), Pb (PPb = 4.78), Cu
(PCu = 10.22), and Zn (PZn = 10.37), that indicated heavy pollution. Hayrat and Eziz [41]
also revealed that dust samples from Korla, China were heavily polluted by Cr (PCr = 3.33),
Cu (PCu = 5.81), Pb (PPb = 7.32), and Cd (PCd = 35.0), with the degree of pollution associated
with anthropogenic activity. Another study conducted by Wahab et al. [21] in Malaysia
presented the Pi values of metals in street dust in the Tunku Abdul Rahman road, Kuala
Lumpur, where Zn (PZn = 3.94), Pb (PPb = 4.20), Cr (PCr = 5.78), and Cu (PCu = 8.43) showed
high levels of pollution. The PLI values of metals in street dust fluctuate from 1.6 to 4.0,
and an average value of 2.6 indicates moderate pollution (Figure 5c). Similar results have
been reported by Dytłow and Górka-Kostrubiec [60] and Kabir et al. [22], who studied the
toxic metals in street dust in Poland and Bangladesh.

3.4. Potential Ecological Risk (PER)

The PER data were calculated by summing the cumulative effects of all metals. The
PER results for different locations are presented in Figure 6a. The mean level of the PER for
the calculated metals in the street-dust samples was 207.43, and the values ranged from
111.17 to 431.53, suggesting a high potential ecological risk. Similarly, Kormoker et al. [61]
found that the level of ecological risk from heavy metals (i.e., Cd, As, Pb, Cu, Ni, and Cr) in
Lokhikol, Bangladesh was very high (PER = 270). Kamani et al. [63] conducted their study
in the center of Tehran and revealed that the highest PER values were associated with bad
traffic jams. The PER ranged from 81.93 to 508.2 with a mean value of 234.0, indicating
a high level of potential ecological risk. Comparing the sampling sites, the highest PER
value was at D4 and the lowest value was at D9. In this study, the average contribution of
individual metals to the PER (Figure 6b) decreased in the following order for the elements:
Zn (40.7%) > Mn (33.5%) > Cu (11.4%) > Cr (6.4%) > Pb > (4.1%) > Ni (2.4%) > Co (0.7%) >
As (0.6%) > Cd (0.2%). The results suggest that Zn and Mn could be the main contributors
to the ecological risk in our sampling area. Since Zn and Mn are known to be released from
anthropogenic sources [48], it is necessary to control their emission to limit any threats to
the ecosystem.

Figure 7 shows the relationship between the PER and the EF of nine metals (Cd, Co,
Cr, Ni, Cu, Pb, As, Mn, and Zn). The R2 values of Cu, Zn, and Mn were 0.9098, 0.8208,
and 0.7563, respectively. This suggests that the EF values of Cu, Zn, and Mn were closely
related to the PER. In contrast, no obvious correlation was found for Cd, Cr, Co, Ni, As,
and Pb with regard to PER.
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Figure 6. Spatial distribution of the potential ecological risk index: low (PER < 50), moderate
(PER = 50–100), considerable (PER = 100–200), and high (PER > 200) (a) and percentage contribution
of metals to ecological risk (b).

Figure 7. The relationship between the potential ecological risk index and enrichment factors: (a–i) show Cd, Co, Cr, Ni, Cu,
Zn, As, Mn, and Pb results, respectively.
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4. Conclusions

This study was conducted to evaluate the concentration of 16 metals (Se, Cd, Sb, Mo, B,
Sn, As, Co, Ni, V, Pb, Cr, Cu, Mn, Zn, and Ti) in street dust from Ha Noi highway, HCM City.
The mean concentrations of all metals were higher than the background values. Compared
to the other metals, the highest concentration was observed for Ti (676.3 ± 155.4 mg/kg)
and the lowest concentration for Se (0.4 ± 0.1 mg/kg). The metal concentrations decreased
in the following order: Ti > Zn > Mn > Cu > Cr > Pb > V > Ni > Co > As > Sn > B >
Mo > Sb > Cd > Se. The PCA and EF results revealed that Se, Mn, and Co were derived
from a lithological (natural) origin, while most of the metals were significantly affected
by anthropogenic activities, including industrial and vehicular sources. The PLI values of
metals in street dust range from 1.6 to 4.0 and an average value of 2.6 indicates moderate
pollution. We found that the value of PER (207.43) showed a high potential ecological risk.
The results suggested that Zn (40.7%) and Mn (33.5%) could be the major contributors to the
ecological risk. Although only a small number of samples were collected, the outcomes of
this study will be useful for scientists to fill the information gap on the pollution of various
metals in street dust from Vietnam, where there is a lack of available observational data.
Furthermore, a large-scale survey including various areas with different characteristics is
needed, as a future study, to better understand the pollution levels and emission sources of
heavy metals in street dust.
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Abstract: Road dust is an important source of resuspended particulate matter (PM) but information
is lacking on the chemical composition of the ultrafine particle fraction (UFP; <0.1 μm). This study
investigated metal concentrations in UFP isolated from the “dust box” of sweepings collected by the
City of Toronto, Canada, using regenerative-air-street sweepers. Dust box samples from expressway,
arterial and local roads were aerosolized in the laboratory and were separated into thirteen particle
size fractions ranging from 10 nm to 10 μm (PM10). The UFP fraction accounted for about 2% of the
total mass of resuspended PM10 (range 0.23–8.36%). Elemental analysis using ICP-MS and ICP-OES
revealed a marked enrichment in Cd, Cr, Zn and V concentration in UFP compared to the dust box
material (nano to dust box ratio ≥ 2). UFP from arterial roads contained two times more Cd, Zn and
V and nine times more Cr than UFP from local roads. The highest median concentration of Zn was
observed for the municipal expressway, attributed to greater volumes of traffic, including light to
heavy duty vehicles, and higher speeds. The observed elevated concentrations of transition metals in
UFP are a human health concern, given their potential to cause oxidative stress in lung cells.

Keywords: road dust; street dust; metals; ultrafine particles; UFP; aerosolization; resuspension;
incidental nanoparticles

1. Introduction

The chemical composition and contribution of ultrafine particles (UFP; <0.1 μm) to the
toxicity of airborne particulate matter (PM) has yet to be fully characterized. Ambient air
pollution has been associated with various adverse health effects such as respiratory and
cardiovascular disease and lung cancer [1,2]. Air quality regulations have been established
in many countries to limit the mass concentration of PM ≤ 10 μm aerodynamic diameter
(PM10), as well as PM ≤ 2.5 μm (PM2.5). However, no regulation currently exists around
the world for UFP due to a scarcity of data [3].

The penetration depth of PM into the respiratory system is largely determined by
its size. PM10 is defined as the “thoracic” fraction, with 50% of particles small enough
to penetrate beyond the larynx [4]. PM2.5 represents the “respirable” particles capable of
reaching the unciliated airways of the pulmonary region; this fine fraction can particularly
affect those considered to be most vulnerable when exposed, including children and
elders [2–4]. Ultrafine particles are of special concern due to their ability to reach the alveoli
and be translocated into the blood stream. Upon entering systemic circulation, UFPs are
easily distributed throughout the body and can accumulate in secondary organs such as
the liver, brain and heart [5]. There is also evidence that UFP can be directly translocated to
the brain via the olfactory pathway [6,7]. To better assess the potential impacts of UFP on
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health, more data on their concentration and composition in common sources of airborne
PM, including road dust are essential.

Road dust contains particles from soils, eroded material from buildings and pave-
ments, vehicle exhaust and non-exhaust emissions, de-icing salt and atmospheric de-
position [8,9]. Resuspension of road dust represents a major source of PM10 in urban
environments [10–14] but its contribution to airborne UFP remains ill-defined. According
to the Air Quality Expert Group [3], combustion related to vehicular transport is one of the
main sources of UFP in Europe. UFP arising from exhaust combustion have a short lifetime
and are generally highest near intense traffic areas [12]. Vehicle non-exhaust emissions from
frictional processes such as braking, tire wearing, and abrasion of road surface can also
release UFP. While abrasion processes tend to emit coarser particles in brake and tire wear
dust (>2.5 μm), UFP are also generated as a result of volatilization and re-condensation
under higher temperature conditions characteristic of intense braking [8,11,15,16]. In lab-
oratory tests using a brake dynamometer, the number of UFP released was at least three
orders of magnitude higher than micron-size particles; a marked increase in UFP emissions
occurred at around 300 ◦C, corresponding to the combustion of volatile organic compounds
in the brakes [15]. In the last couple of decades, the implementation of stringent exhaust
emission standards, along with improvements in engine technology, has resulted in a
significant decline of automotive exhaust emissions. At the same time, the contribution of
non-exhaust vehicle emissions, including nanoparticles, to ambient pollution has become
an increasingly important issue to be considered in the context of air quality [11].

Compared to PM10 and PM2.5, the chemical composition of UFP has been much less
studied, largely due to challenges in collecting enough material for chemical analysis [17].
Airborne UFP contain a large fraction of organic compounds (up to 50%) [18]. The metal
content of this fraction is also significant in urban environments. For instance, the mass
concentration of the metal oxides of UFP measured in seven Californian cities was reported
to range from 0.6% to 26% [19]. Metals and organic compounds have been identified as
the main cause of the human toxicity of inhaled PM due to their ability to cause cellular
oxidative stress by promoting electron transfer and inducing the production of reactive
oxygen species (ROS) [20,21]. Trace elements, such as Pb, Zn, Cu, Cd, Cr, Ni, V and As,
and ultratrace metals, such as Pt, Pd and Rh, released by vehicle exhaust or non-exhaust
emissions (e.g., tires, brake pads) are typically elevated in urban road dust compared to
the local background [22–25]. Of particular concern is the fact that these potentially toxic
elements are even more enriched in the fine inhalable particles (PM10 or PM2.5) compared to
bulk road dust [9,14,26–30]. Similarly, enrichment in Cu, Zn, Sb, and Ti was observed in the
nano-size fraction compared to the original bulk road dust (<100 μm) from Moscow [17].

In companion papers, Levesque et al. [31] and Wiseman et al. [14] recently evaluated
the sources, concentrations and lung bioaccessibility of metals and metalloids in road dust
samples collected by street-sweeping vehicles from expressways, arterial and local roads
in Toronto (ON, Canada; 2.9 million inhabitants). These studies showed an enrichment in
several metal(loid)s as particle size decreased: from the bulk road dust (<2 mm) to the dust
box sweepings (<10 μm), and from the dust box sweepings to the fine fraction (<1.8 μm).
The current study investigates the metal(loid) concentrations in UFP resuspended from
a few key dust box sweepings representative of the three road types. The objectives of
this study are to: (1) quantify the proportion of resuspendable UFP in a range of dust
box sweepings, (2) determine metal(loid) concentrations in the nano-scale fractions; and
(3) discuss the significance of the results for human health in view of selected relevant
research studies. The overall goal is to advance our understanding of the metal composition
of UFP and its potential implication for human health in an urban context.

2. Materials and Methods

2.1. Road Dust Samples

Road dust samples were collected in the fall of 2015 and the spring of 2016 by the
city of Toronto using regenerative-air-street sweepers (see Wiseman et al. [28] for further
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details). Each sample represents a dust composite collected over many kilometers (from 6 to
45 km) and several hours. Samples from the dust box compartments of the street-sweeping
vehicles were used in this study. Previous characterization of the dust box sweepings
reported a measured median particle size diameter of 9.4 μm [28]. For the aerosolization
and particle size fractionation experiments in the present study, a subset of six samples were
selected from the 32 dust box samples characterized by Wiseman et al. [14]. The number
of investigated samples was limited by the lengthy and time-consuming fractionation
protocol. The samples were selected among different road types and areas in Toronto
to represent a range of traffic volumes: two from local roads (“LR”) from two different
districts (<2500 vehicles day−1; 30–50 km h−1), three from arterial roads (“Art”) within
the same district (8000–40,000 vehicles day−1; 40–60 km h−1) and one from an expressway
(“Ex”) (>40,000 vehicles day−1; 80–100 km h−1). Samples were collected in three different
community council areas (formerly called districts): (1) Toronto and East York (D1), which
includes downtown and is the most densely populated; (2) Etobicoke York (D2); and
(3) Scarborough (D4) [32]. The three arterial samples included in this study are from the
same roads in Scarborough (D4), collected during consecutive weeks as part of the city’s
sweeping schedule (Art-D4-W1, -W2, -W3). Prior to particle size fractionation, the dust
box sweepings were sieved < 56 μm to discard possible larger particles. Based on laser
diffraction analysis, the median particle size diameter for the six sieved dust box samples
ranged from 9.8 to 21.2 μm. These samples are referred to as “dust box” in this paper.

2.2. Particle Size Fractionation of the Resuspended Dust Box

The approach for aerosolization and particle size fractionation has been described by
Levesque et al. [31]. Briefly, a fluidized bed aerosol generator (TSI Incorporated, model
3400 A) was used to resuspend the dust samples using a flow rate of 10 L/min and helium
(He) as the carrier gas. The fluidized bed is composed of 100 μm bronze beads maintained
in boiling action by the He flow to facilitate deagglomeration and resuspension of pre-
existing fine particles in the dust. This approach has been selected because the particle
size distribution of the produced aerosols is representative of the parental sample. The
optimized breaking of aggregates by the boiling action of beads may overestimate the
aerosol mass compared to natural road conditions but a conservative estimate is preferable
for health risk assessment. A 1⁄2 inch cyclone at the top of the chamber prevents the dispersal
of particles > 40 μm. After 1 h of stabilization, the aerosol generator was connected to
a micro-orifice uniform deposit impactor (MSP Corp., MOUDI IITM 125B) consisting of
13 impaction stages, which allows separation of the particles into size fractions ranging
from 0.01 to 10 μm (aerodynamic diameter; Table 1). The dust was collected on Teflon
filters (47 mm PTFE with polymethylpentene (PMP) support rings, Pall Corp.) for 2 to
4 h; each sample was run in triplicate [31]. Between each sample, the aerosol generator
and the impactor were disassembled and washed with deionized water to avoid cross-
contamination. Buoyancy-corrected gravimetric analysis of the Teflon filters prior to and
after loading was performed inside Health Canada’s “Archimedes M3TM” Buoyancy-
Corrected Gravimetric Analysis Facility as described in Rasmussen et al. [33].
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Table 1. Impaction stages of the MOUDI II impactor, corresponding particle sizes collected on the
filters and classes defined for the current study.

Nano MOUDI Nominal Cut-Point Particle Size on Filter Classes

nm nm
10,000 >10,000 -

5600 <10,000 >5600 Micron
1–10 μm
(PM10-1)

3200 <5600 >3200
1800 <3200 >1800
1000 <1800 >1000

560 <1000 >560
Sub-micron

0.1–1 μm
(PM1-0.1)

320 <560 >320
180 <320 >180
100 <180 >100

56 <100 >56 Nano
<100 nm

(PM0.1 or UFP)

32 <56 >32
18 <32 >18
10 <18 >10

2.3. Element Analysis

Total element concentrations of the dust box samples were determined in triplicate
using a 1 h ultrasonic dissolution in 45% HNO3/0.8% HF and a solid to solution ratio of
2 mg: 6 mL [34]. Inductively coupled plasma—mass spectrometry (ICP-MS) or inductively
coupled plasma—optical emission spectrometry (ICP-OES) was used for elemental deter-
mination, depending on the concentration level. Filters from the resuspension experiments
(two to three replicates per size fraction) were characterized for total concentrations using
the same method.

2.4. Quality Assurance

Considering that filter samples in the nano-scale fraction are characterized by negligi-
ble to small particle mass (<0.26 mg/filter), it was important to implement rigorous quality
assurance measures throughout the study to evaluate the reliability of the results. The accu-
racy of the gravimetric analyses was assessed by weighing a series of filter blanks (n = 15,
mean weight 0.01 mg). For a filter with dust mass loading below the mean filter blank
weight, concentrations of elements were not calculated to avoid generating artificially high
values. Procedural blanks, filter blanks and certified reference materials for indoor dust
(NIST 2584), urban particulate matter (NIST 1648), soil (NIST 2711), road dust (BCR-723)
and auto catalysts (NIST 2557) were included during acid digestion of the dust-loaded
filters and ICP determination. QA/QC results for digestion recovery of reference materials
and limits of detection for elements of interest for ICP analyses are given in Supplemental
Information (Table S1). As reported by Levesque et al. [31], total element recoveries for
NIST 2584 ranged between 80–120%. When considering other reference materials, the
recoveries fell within the 70–130% range, except for Cr (<43%) in BCR-723 and NIST 1648,
and Ti (<63%) for all materials (SI-Table S1). In the NIST 1648 reference material, chromium
occurs dominantly as chromite; refractory minerals such as chromite are not fully dissolved
by acid digestion [35,36]. Therefore, the ultrasonic HNO3/HF digestion method used
in this study might underestimate total Cr in road dust samples if a fraction was in the
form of chromite. For loaded filters, negative ICP values lower than the mean value of
all procedural blanks minus three standard deviations were treated as outliers and were
discarded [37]. Negative values falling within the mean value for all procedural blanks
minus three standard deviations were replaced by “0”. Positive values smaller than the
limit of detection (<LOD) were kept as is but were flagged [38]. Procedural blank and
filter blank values within each batch were subtracted from the ICP readings. Fresh bronze
beads were used for each sample. A blank resuspension run was conducted to assess
the occurrence of possible dust contamination by the bronze beads. The initial results

158



Atmosphere 2021, 12, 1564

were inconclusive, however, as loading masses on filters were <LOD. To investigate this
further, the bronze beads were digested by aqua regia in triplicate for total element analysis
by ICP-OES or ICP-MS. The beads contained on average: 87.3 wt.% Cu, 10.8 wt.% Sn,
193 mg Pb kg−1, 36 mg Ni kg−1, 34 mg Zn kg−1, 11 mg Bi kg−1, 11 mg As kg−1, 1.8 mg
Ag kg−1, 1.3 mg Co kg−1, and 1.0 mg Sb kg−1. Concentrations of Cu, Sn, Pb, Ni, Bi and As
in the bronze beads were higher than, or in the same range as, those from the road dust
samples. Given the potential for cross-contamination, these elements were not included in
the analyses of aerosolized dust.

2.5. Data Analysis

Given frequent missing or <LOD values in the nano-scale range, the MOUDI fractions
were categorized into three classes (micron, sub-micron and nano size; Table 1) to facilitate
descriptive statistical analyses. Median and inter quantile ranges (IQR) were preferred as
a measure of dispersion rather than mean and standard deviation because they are less
influenced by outliers and can be used with a large number of <LOD values [39,40]. The
IQR is calculated as the difference between the 75th and the 25th percentile values and
provides the central range where 50% of the data reside [39]. For a given element and class
fraction considered, concentrations greater than the median + 3 IQR were individually
re-examined and discarded as outliers (NIST/SEMATECH [41]) when justifiable reasons
could be identified (e.g., too low dust mass close to the filter blank weight). Otherwise,
they were kept as representative of the natural variation associated with such nano-scale
environmental samples.

2.6. Statistical Analysis

Kruskal–Wallis non-parametric ANOVA was used to determine differences between
medians for road types; critical differences between medians and distributions were
then evaluated using the Wilcoxon–Mann–Whitney rank test with a significance set at
p < 0.05 [42]. These statistical analyses were conducted using Analyze-it for Microsoft Excel
2016. Hierarchical agglomerative clustering (HAC) was performed to highlight similarities
between elements in the nano-scale dust according to their inter-correlation distances.
The analysis was completed on the standardized (Z-score normalization) dataset of all
measured nano-size dust fractions. HAC was applied on the Spearman’s correlation matrix
transformed using the square root of (1 − r2), where r is the correlation between the stan-
dardized variables; the latter transformation converts correlations into metric distances [43].
The Ward criterion was chosen for merging clusters. HAC was carried out using the R
v.4.0.0 packages [44].

3. Results and Discussion

3.1. Basic Properties of the Dust Box Samples

The organic C content of the studied dust box samples varied from 3.8 to 8.7 wt.%
(Table 2). Major elements present in the dust box samples were Si, Fe, Mg, Al and S
(Table 2). Si, Fe and Al are generally representative of crustal elements. In terms of trace
elements, Zn, Cu, Pb and Cr were the most abundant in the dust box, with concentrations
that were elevated compared to those previously reported for surficial soils from the
same physiographic region (Table 2) [45]. The concentrations of Zn, Cu, Pb and Cr were
also higher than those measured in street dust collected from residential areas in the less
populated city of Ottawa (Table 2) [46]. Several studies have reported these metals as the
most abundant trace elements in road dust due to their occurrence in brake pads (Cu, Cr,
Pb, Zn), tire rubber (Zn, Pb) and vehicle fuel combustion residues (Zn as an additive; Pb,
Cu as natural contaminants) [9,13,22,23,26,47]. Other sources for these metals are wind
erosion from soils and industrial emissions [13]. The three arterial road samples collected
within the same district but on different weeks (Art-D4-W1, -W2, -W3) had, overall, a
comparable composition over time (Table 2).
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Table 2. Mean pH, organic carbon content (OC) and concentrations (n = 3) of the main a elements in the six dust box samples
analyzed in the present study, with comparative data from literature.

Units Art-D4-W1 Art-D4-W2 Art-D4-W3 Ex-D1-D LR-D1-D LR-D2-D Soil b Ottawa
Dust c

pH 7.94 7.55 7.90 8.08 8.01 8.58 n.d. d n.d.
OC e wt.% 7.5 4.8 8.6 8.7 3.8 n.d. n.d. n.d.

Si wt.% 7.23 7.84 8.97 12.02 8.05 9.45 n.d. n.d.
Fe wt.% 3.07 3.15 3.58 3.69 2.37 3.10 2.4 1.89
Ca wt.% n.d. n.d. n.d. n.d. n.d. n.d. 1.5 9.68
Mg wt.% 2.99 2.96 3.36 2.93 2.82 3.98 0.70 1.58
Al wt.% 2.67 2.85 3.30 4.24 2.86 3.36 6.1 4.75
S wt.% 1.17 1.33 1.09 0.32 0.38 0.39 n.d. n.d.
Ti mg kg−1 1279 1437 1781 2045 1111 1332 4400 n.d.
Zn mg kg−1 1258 1112 1310 881 597 1051 41 112
Mn mg kg−1 1017 1113 1016 931 1183 1120 636 431
Sr mg kg−1 530 538 522 485 289 332 283 459
Ba mg kg−1 466 483 527 575 335 499 n.d. 576
Cu mg kg−1 235 219 254 235 129 194 16 66
Pb mg kg−1 192 227 171 107 156 131 23 39
Cr mg kg−1 168 173 173 221 120 223 48 43

a Other elements (As, B, Be, Bi, Cd, Ce, Co, La, Mo, Ni, Rb, Sb, Se, U, Tl, V, Zr) < 100 mg kg−1; Ag < LOD of 2.12 mg kg−1. b Element
contents in surficial soils (A horizon) from the same physiographic region as Toronto (St. Lawrence lowlands) [45]. c Mean concentrations
in street dust collected in Ottawa residential areas (dust fraction 100–250 μm; n = 45) [46]. d n.d.: not determined. e Organic carbon content
estimated as loss on ignition (LOI)/1.724 [28].

3.2. UFP in Resuspended Road Dust Box Samples

Hereinafter, the term “resuspended PM10” is used to refer to the aerosolized fraction
of dust box with an aerodynamic particle diameter < 10 μm and >10 nm, based on the
adopted MOUDI fractionation scheme (Table 1). Overall, for the six samples, most of the
resuspendable mass of dust particles was found in the micron and sub-micron fractions:
a median of 72 wt.% of the resuspended PM10 was collected in the 1–10 μm fractions,
while a median of 26 wt.% was recovered in the 0.1–1 μm sub-micron fractions (Figure 1).
The <100 nm fractions accounted for around 2 wt.% of the resuspended PM10 (min–max:
0.23–8.36 wt.%); 50% of the UFP population values ranged within 1.25 to 5.25 wt.% of
resuspended PM10 (Figure 1). Interestingly, dust from the downtown district (D1), includ-
ing both the expressway or local road samples, contained the highest amount of very fine
particles: >47 wt.% (median) of the resuspended PM10 was retained in the sub-micron
fraction and up to 7 wt.% (median) was recovered as nanoparticles (Figure 1). While the
sample number examined does not support a statistical analysis of results on a per district
basis, these results might reflect differences in UFP emissions as a function of traffic volume,
intensity and type, including fleet composition, between the downtown core of Toronto and
other less populated districts (D2 and D4). A long-term air monitoring study in downtown
Toronto reported that non-tailpipe PM2.5 emissions (soil/road dust resuspension, brake
and tire wear) have increased since 2011 [48]. The authors explained the results with longer
dry periods (greater accumulation of road dust) and the increases in the number of heavier
vehicles on the roads, such as minivans, sport-utility vehicles and light trucks (greater
friction on the road surface).
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Figure 1. Distribution of the mass collected among the nano, sub-micron and micron classes of filters for each resuspended
dust box sample, expressed as median % of the total resuspended PM10 (total mass recovered on filters < 10 μm >10 nm);
inset overall median % of the total resuspended PM10 for all 6 samples, and inter quantile range (IQR.).

The detailed size fractionation of UFP is presented in Table 3. While the variability
was typically high between replicates within the same size fraction, the majority of UFP
mass was generally found in the coarser UFP fractions. Of the total UFP mass, >65% was
associated with the 32–100 nm fraction while <35% was measured on the 10–32 nm filters
(Table 3).

3.3. Metals in UFP

This section does not include metals potentially impacted by cross-contamination
(Cu, Sn, Pb, Ni, Bi and As) due to the bronze beads used for aerosolization (see discussion
Section 2.4). In addition, Ag, Bi, Zr, B, Ce, Se and Si were not included in the statistical
analysis because >50% of the values in the sub-micron and nano fractions were <LOD.

Compared to the dust box samples, the most notable enrichment in UFP was observed
for Cd, Cr, Zn and V (nano/dust box ratio close to or >2; Figure 2). Fe and Ba also tended
to accumulate in UFP, but to a lesser extent (nano/dust box ratio > 1.4). Ermolin et al. [17]
also observed abnormally high Cd and Zn concentrations in UFP isolated from Moscow
dust. This pattern of metal enrichment in UFP slightly differed from that of the sub-micron
fraction of the same samples, which showed an additional marked enrichment in Mo and
Sb (sub-micron/dust box ratio > 2; SI-Figure S1). In UFP, Mo and Sb median concentra-
tions were <LOD. Several other studies have reported comparable metal enrichment in
the fine road dust fractions for V, Cr and Mo (PM2.5/bulk<0.3mm ratio > 5 in road dust
from Shanghai [9]), Cd and Zn (PM2/bulk<2mm ratio = 2 for highways in Spain [26]), Cr
and Cd (PM2.5/PM10 ratio > 2 for road dust in Dongying, China [49]), and Zn and Sb
(PM2.5/bulk<2mm ratio ≥ 2 in urban dust, Italy [27]).
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Table 3. Distribution of the recovered particle mass within the nano fractions and variability between replicates for
each sample.

Sample
Size

Fraction
Replicate 1 Replicate 2 Replicate 3 Median Mean ±SD a Fractions

Sum of
Means

nm __________________% of total nano mass_______________ nm
% of total

nano
mass

Art-D4-W1 <18 >10 13 15 26 15 18 7
<32 >18 18 32 0 18 17 16 <32 >10 35
<56 >32 25 39 28 28 30 8
<100 >56 44 14 46 44 35 18 <100 >32 65

Art-D4-W2 <18 >10 9 . b 6 6 7 4
<32 >18 8 . 13 13 11 10 <32 >10 18
<56 >32 48 . 34 48 41 19
<100 >56 36 . 46 41 41 7 <100 >32 82

Art-D4-W3 <18 >10 2 2 28 2 11 15
<32 >18 9 18 0 9 9 9 <32 >10 20
<56 >32 36 43 21 36 33 11
<100 >56 53 38 51 51 47 8 <100 >32 80

Ex-D1-D <18 >10 9 0 26 9 11 13
<32 >18 0 0 28 0 9 16 <32 >10 21
<56 >32 46 7 23 23 25 20
<100 >56 45 93 23 45 54 36 <100 >32 79

LR-D1-D <18 >10 29 0 9 9 13 15
<32 >18 12 21 3 12 12 9 <32 >10 25
<56 >32 38 37 62 38 46 14
<100 >56 21 42 25 25 29 11 <100 >32 75

LR-D2-D <18 >10 15 0 . 8 8 11
<32 >18 6 5 . 5 5 1 <32 >10 13
<56 >32 62 41 . 52 52 15
<100 >56 17 53 . 35 35 26 <100 >32 87

a SD: standard deviation; b “.”: missing data.

The multivariate method of HAC was applied to the dataset of all nano-size fractions
to regroup studied variables into subsets (clusters) according to their correlation-based
similarities. The first group to form at the lowest value of the dissimilatory scale (Ba,
V) has the highest similarity (Figure 3). As the dissimilatory scale values increase, the
grouping becomes more heterogeneous, that is, group members’ similarities decrease. High
correlation or similarity between elements may reflect a common origin [18,27,48,50]. A
non-exhaustive list of anthropogenic metal sources commonly associated with road dust is
summarized in Table 4.
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Figure 2. Ratios of element concentrations in the aerosolized nano fractions compared to the dust box considering all six
road dust samples (nano/dust box ratio); each box plot shows the median within the 25th and 75th percentile box, dispersion
extending 1.5 × IQR from each quartile, as well as near (>1.5 IQR) and far (>3 IQR) outliers. The 95% confidence interval for
the median is plotted as a notch on the box. Elements circled in gray: not considered because >50% values < LOD; plain
and dotted lines at nano/dust box ratio = 1 or 2 respectively: visual guidelines.

 

Figure 3. Dendrogram obtained by Spearman’s correlation matrix-based HAC on the data set
composed of key elements in all nano-scale dust fractions (n = 35).
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Table 4. Anthropogenic sources for selected elements, other than mining, smelting and ore processing.

Sources a Cd Cr Zn V Co Ti Ba Fe Al Mg Mn

brakes x x x x x
tires, rubber x x x x x

fossil fuel combustion (industrial, vehicle exhaust) x x x x x x
pigments, paints, plastic x x x x x x

automobile parts, steel and alloys in transport x x x x x x x x
galvanic protection x x

cement x x x
asphalt (bitumen) x x

a References—Cd: fossil fuel combustion, cement manufacture [51]; galvanic protection; and pigments in plastic, glass, ceramic [47]; metal
sheets for automobile radiators, curing agent in rubber, production PVC [52]; Cr: brakes [9]; older pigments [47]; steel shiny plating, fossil
fuel combustion, cement production [53]; Zn: galvanic protection [47]; Zn oxide as filler in tires [9,22,47]; fossil fuel combustion [54]; brake
wear and burning of zinc thiophosphate stabilizer in motors and lubricating oils [55]; V: Alloy steel, combustion of crude oil residues
in power plants and community-heating systems [51]; asphalt (bitumen) [8,56]; structural steel used in transport and manufacture of
Ti-Al alloys for aerospace industry, catalyst for plastic production, use in lacquers and paints [57]; Co: electronic and electrical equipment,
batteries, manufacturing rechargeable batteries, fossil fuel combustion, paints and primers, magnets, rubber and tire manufacturing,
adhesives and sealants, alloys in automobile motor parts, plastic [58]; Ti: Fe, Ti, Cu and Ba measured in brake pads [8,22]; pigments in
paint, plastic, glass [47]; Ti oxide as filler in rubber-based composites (tires) [59]; Ba: filler and extender in paints, plastics and rubber, heavy
concrete production, use as alloy for iron production and as reducing agent during production of steel [60]; BaSO4 is an abrasive and filler
of the friction material in brake pads [9,22,61]; Fe, Al, Mg: Basic metal components in vehicles: frame, engines, body; lighter Al and Mg
alloys often replacing steel in many components now (https://itstillruns.com/how-electric-cars-made-5006993.html; accessed on 18 June
2020); iron powder contained in brake pads [61]; Mn: used in some countries as a fuel additive [51].

Hereinafter, the dendrogram is interpreted by cutting the tree at a dissimilatory value
of 1.4 to form four main clusters (Figure 3). The first cluster includes Al, Mn and Mg; all of
which were not found to be enriched in UFP (Figure 2). The co-occurrence of Al, Mn and
Mg in this cluster suggests a geogenic origin, as these elements are common constituents
of soil minerals [50]. The second cluster groups Ba and V with Fe, which were all found
to be moderately enriched in UFP. Steel and alloys used in various vehicle components
are a possible common source of these metals (Table 4). Other potential sources for these
elements include brake pads (Fe; Ba as a filler), pigments/filler in paints and catalysts used
in plastic and rubber production (Ba, V; Table 4). Fossil fuel combustion is also a known
source of V (Table 4). In Toronto, elevated concentrations of Ba and Fe, as well as Cu and
Sb, in PM2.5 sampled near major roads were previously attributed to brake wear [48]. In
contrast, a recent study examining the elemental concentrations of bulk road dust (<2 mm)
and dust box (median < 10 μm) collected in Toronto found that Ba concentrations in road
dust were not elevated compared to soil background levels [14]. Ba was also not observed
to significantly vary as a function of road type and corresponded to levels of traffic volume
and predicted braking activity. While a moderate association was observed between Ba and
Sb concentrations, suggesting that brake wear may be a source of Ba, Wiseman et al. [14]
concluded that geogenic sources of Ba are likely to be comparatively more important. The
third cluster relates Co and Cr with Cd at higher values on the dissimilatory scale. Both
Cd and Cr had a nano/dust box ratio > 2, while Co was moderately enriched (median
nano/dust box ratio = 1.3). In relation to road dust, Cr, Cd and Co may originate from
fossil fuel combustion, pigments in paints or plastic, and various steel components from
vehicles (Table 4). Cement may also be a source of Cd and Cr, while tires can release Cd-
and Co-containing rubber particles via wear and tear processes during driving (Table 4).
The fourth cluster is composed of Ti and Zn, linked at high values on the dissimilatory
scale, indicating some similarity but lower correlation between these metals (rs = 0.44;
p < 0.0066; SI-Figure S2). Compared to dust box concentrations, UFP was enriched in Zn
but not in Ti (Figure 2). Tires are a frequently reported source of Zn in road dust (Table 4),
although other traffic-related sources such as brake wear can contribute to emissions of
this element, especially for UFP [14,15]. TiO2 and ZnO nanoparticles (NP) were observed
in Shanghai PM2.5 dust [9]. Nano- or micron-size particles of ZnO and TiO2 are used
as fillers or activators during the production of rubber-based composites [9,59]. Source
apportionment studies in Toronto suggested local overnight industrial activity (metals
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processing), brake wear emissions and the combustion of lubricating oils containing Zn
thiophosphate stabilizer to explain the Zn variation in airborne fine (PM2.5) and ultrafine
(PM0.1) particles [55,61].

While metal enrichments in UFP and observed statistical associations between vari-
ables can help to clarify potential anthropogenic contributions, caution needs to be exer-
cised in using trace elements as ‘markers’ to identify specific sources. The identification
of specific elemental sources is hindered by the occurrence of multiple and overlapping
sources for a given trace element, combined with the variability in chemical composition of
automotive components between manufacturers. These limitations are reflected in Table 4
and have been previously discussed by Thorpe and Harrison [8] and Wiseman et al. [14].
Source identification is even more challenging in the case of UFP because they may be
generated from thermal processes during which interactions with other sources or elements
may occur. Therefore, complementary electron microscopic analysis would be needed to
ascertain their origin with confidence.

3.4. Impact of Road Type on Key Metal Concentrations in UFP

Understanding the spatial variability of the chemical composition of UFP in specific
environments provides insight into potential sources and health risks [18]. The impact
of road type on metal concentrations in UFP was evaluated for the four metals with the
greatest preferential accumulation in the nano-scale fractions (Cd, Cr, Zn and V; nano/dust
box ratio close to or >2), after regrouping all resuspended nano fractions on the basis of
major road type only (Figure 4). While these results should be interpreted with caution
due to the limited number of dust box samples examined, the representativeness of each
composite sample is reinforced by the strategy of sampling over many kilometers and
several hours.

 
Figure 4. Concentrations of Cd, Cr, Zn and V in the nano fractions for each road type; each box plot shows the median
within the 25th and 75th percentile box, dispersion from 5th to 95th percentile. The 95% confidence interval for the median
is plotted as a notch on the box. For a given element, median concentrations labeled with the same letter are not statistically
different based on Wilcoxon-Mann-Whitney rank test (p > 0.05). Fractionation was conducted in two to three replicates on
each dust box and each replicate had 4 nano fractions (Art: n = 31; Ex: n = 5; LR: n = 11).
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Among these four elements, Cr and Zn were the most abundant in UFP (Figure 4).
Metal concentrations in UFP varied widely and the min–max ranges were (mg kg−1):
60–11,228 (Cr); 259–5372 (Zn); 14–202 (V); 0.19–7.20 (Cd). The variation in Cd, Cr, Zn, and V
concentrations in the nano-scale fractions was large for arterial roads (n = 31) and generally
lower for expressways (n = 5) and local roads (except for V in LR; n = 11; Figure 4). Median
concentrations of Cd, Cr, Zn and V in UFP from arterial road dust were significantly
higher than those from local roads. Ultrafine particles from arterial roads containing two
times more Cd, Zn and V and nine times more Cr than UFP from local roads (2.43 mg
Cd kg−1, 2846 mg Cr kg−1, 3508 mg Zn kg−1, 129 mg V kg−1 for Art vs. 1.22 mg Cd kg−1,
329 mg Cr kg−1, 1677 mg Zn kg−1, 75 mg V kg−1 for LR; Figure 4). For UFP from the
expressway, median concentrations of Cd and V (0.31 mg Cd kg−1 and 73 mg V kg−1) were
not significantly different from those measured in UFP from local roads (1.22 mg Cd kg−1

and 75 mg V kg−1), and their median Cr concentration was comparable to that of arterial
roads (respectively 2515 vs. 2846 mg kg−1; Figure 4). Zn median concentration in UFP was
the highest at the expressway with 4644 mg kg−1 compared to 3508 and 1677 mg kg−1 for
arterial and local roads, respectively (Figure 4). In a related study in Toronto, the same
trend was observed for Zn in dust box samples (median PM < 10 μm) [14].

Several factors, including seasonal effects, occurrence of industries, traffic pattern and
intensity, can influence metal composition in dust [3,9,18,25,62]. Compared to arterial or
local roads, expressways are characterized by heavier traffic with more heavy-duty com-
mercial vehicles and higher speed, which can have an impact on contaminant release [55].
As discussed above, non-tailpipe traffic emissions related to the wear and tear of tires and
brake components, as well as oil combustion, were identified as sources of Zn in airborne
PM [8,15,16,22,55]. The UFP number concentration and particle size distribution emitted
from road-tire friction or braking are influenced by various factors such as vehicle speed,
vehicle weight, traffic pattern and frictional heat [8,11,16,63]. For example, slip events and
harsh braking were associated with an increase in UFP concentrations released from tire
wear [16]. High speed was also associated with a relative increase of finer particles (PM2.5,
which includes UFP) related to tire wear, likely due to the predominance of volatilization
processes [16]. Likewise, an increase of concentrations in UFP from brake wear occurred at
elevated temperature of the cast iron disc due to volatilization [15].

3.5. Implications for Human Health
3.5.1. Risk of Exposure to UFP and Their Oxidative Potential

In Toronto road dust, UFP constituted a small mass fraction of resuspended PM10
(median 2 wt.%; Figure 1). However, toxicological studies generally agree that particle
number and surface area are better metrics than mass to relate PM impact to health
effects [18]. In terms of particle number concentration, UFP dominate in ambient air; in
Europe, they account for >90% of airborne particles [3]. Considering that road vehicles
are often the dominant sources of UFP in urban environments, populations living close
to heavy-traffic roads are generally expected to be exposed to higher UFP concentration
than those living in less traffic area [18,64]. The high number of UFP is of toxicological
concern because the presence of high UFP numbers combined with their large surface area
result in more particles accumulating in exposed lung cells, ultimately having an enhanced
potential to induce adverse effects on target organs [5].

Our results indicate that communities living close to arterial roads would be exposed
to UFP with higher concentrations of Cr, Cd, Zn and V compared to those living in less
intense traffic areas (near local roads). Exposure to Zn-rich UFP from resuspended road dust
would be the highest close to expressways. Transition metals are believed to play a direct
role in the genotoxicity of PM by promoting the formation of ROS, which can lead to DNA
damage [65]. The capacity of metals in UFP to cause oxidative stress and inflammation
in the lung environment can be measured by various acellular oxidative potential (OP)
assays [21]. A study in Toronto demonstrated that elements associated with non-tailpipe
traffic emissions including Ba, Fe, Zn were moderately correlated with measured oxidative
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potential of PM2.5 dust [48]. Likewise, elevated Fe and Ba concentrations in PM10 from road
emissions in London (UK) were associated with increased oxidative potential measured
by depletion of glutathione [20]. In Birmingham (UK), various size fractions of airborne
PM (<7 μm) collected at high-traffic locations displayed greater oxidative potential than
comparable size-fraction PM sampled in areas with less traffic [65]. While the sampling
location was generally a stronger determinant than particle size for the observed PM
toxicity on the cells, it was noteworthy that the finest PM (<0.5 μm) caused a significantly
greater release of pro-inflammatory mediators than the coarser fractions (0.5 to 7 μm),
regardless of sampling locations. Wessels et al. [65] suggested that metal enrichment
reported for UFP at high-traffic locations might explain their pro-inflammatory action.

3.5.2. Toxicity of Metals in UFP

Compared to the dust box samples, the enrichment in Cr, Cd, Zn, V and, to a lesser
extent, Fe and Ba in UFP raises the question of potential toxic effects linked to exposures
via the inhalation pathway. Cd and its compounds, as well as Cr (VI) and its compounds,
have been classified as known carcinogens to humans (group 1, International Agency for
Research on Cancer-IARC) based on strong evidence for increased risk of lung cancer [66].
Vanadium oxide is classified as a possible carcinogen (group 2B, IARC) and is a respiratory
irritant [66]. Nanoparticles can lead to oxidative stress via two main modes of action:
induction based on the dissolved species (high solubility like CuO and ZnO) vs. the
nanoparticle itself (low solubility, e.g., α−Fe2O3, Fe3O4, Al2O3) [67].

For the fine fraction (<1.8 μm) of these Toronto Road dust samples, the metal solu-
bility/bioaccessibility in the lung environment was evaluated in a related study using
ammonium citrate (pH 4.4) to simulate lysosomal fluid and Gamble’s solution (pH 7.2) to
simulate interstitial lung fluid [31]. At pH 4.4, the following bioaccessibility (% of total
concentration) was reported for local road dust: Zn (78%) > Ba (56%) > Fe (35%) ≈ V
(33%) > Cr (14%); Cd was <LOD. Metal bioaccessibilities were much lower in the Gamble’s
extracts (range for local road, arterial road and expressway): Ba (7 to 21%) > Zn (6 to 8%);
Fe, V, Cr and Cd were <LOD. These in vitro bioaccessibility assays indicated that Zn would
be the transition metal with the highest solubility following inhalation of these UFP. Given
the high concentration of Zn in expressway UFP, combined with its high bioaccessibility,
further research should address the potential inhalation toxicity of these UFP.

In addition to solubility, research on fairly homogeneous engineered NP (such as
metal oxide nanomaterials) has shown that their capacity to induce oxidative and pro-
inflammatory effects in the cells depends on their basic physico-chemical and mineralogi-
cal properties such as: size, crystalline structure, morphology, aspect ratio, surface area,
catalytic nature, band gap energy level, composition, and surface coating [67–70]. In
heterogeneous and complex media such as dust, metals occur as a mixture of various
species with different properties. For example, a wide variety of Zn species were found in
indoor dust and road dust, including distinct mineral phases (e.g., Zn oxide, Zn sulfide, Zn
hydroxyl carbonate), Zn organic compounds (e.g., Zn phosphate), Zn sorbed on organic or
Fe-, Mn-, Al-oxyhydroxide phases, and Zn-bearing silicates [71–73]. Likewise, a variety of
Fe-bearing nanoparticles have been detected in street dust and vehicular emissions, includ-
ing ferrihydrite, goethite, hematite, magnetite, maghemite, siderite, metallic Fe, wüstite,
ferrohexahydrite and carbon/Fe agglomerates [9,74,75]. Understanding the mineralogical
composition and speciation of metals in the nano-scale fraction of road dust is thus crucial
to assess their solubility and potential toxicological impact. However, such studies are
scarce and future research efforts should be oriented in that direction.

4. Conclusions

Resuspension of road dust is one of the major sources of airborne PM pollution in
large cities. The literature has established elevated concentrations of key metals associated
with vehicle emissions, and a tendency for metals to accumulate in the thoracic (PM10)
and respirable (PM2.5) size fractions. Our study demonstrates that some of the transition
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metals, such as Cd, Cr, Zn and V, further concentrate into resuspendable UFP, a particle
size fraction particularly relevant to human health concerns. The inhalation of UFP has
the potential to cause oxidative stress in lung cells and transition metals play an active
role in these toxicological responses. Much effort has been dedicated in the last 10 years
to investigate the toxicological impact of engineered nanoparticles. However, important
knowledge gaps still exist on the composition and toxicological impact of environmental
UFP. To address the toxicological impact of metals in UFP, there is a need to advance our
understanding of their contributing sources (natural vs. anthropogenic), their mineral
phases/metal speciation, and their transformations resulting from thermal and chemical
reactions during incidental release from vehicles, or from interactions with other road dust
components (e.g., carbonaceous phase).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121564/s1, Table S1: QA/QC for ICP measurements of certified reference materials;
Figure S1: Ratios of element concentrations in the aerosolized sub-micron fractions compared to the
dust box; Figure S2: Scatterplot matrix of Spearman’s correlations between variables in UFP.
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Abstract: The goal of this research is to assess hazardous heavy metal levels in PM2.5 fractioned
road dust in order to quantify the risk of inhalation and potential health effects. To accomplish this,
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) was used to determine concentrations of
eight heavy metals (Cr, Cu, Ni, Zn, Cd, As, Pb, and Hg) in the PM2.5 portion of road dust samples
from five different land use areas (commercial, residential, industrial, parks, and educational) in
Zhengzhou, China. The following were the average heavy metal concentrations in the city: Cr
46.26 mg/kg, Cu 25.13 mg/kg, Ni 12.51 mg/kg, Zn 152.35 mg/kg, Cd 0.56 mg/kg, As 11.53 mg/kg,
Pb 52.15 mg/kg, and Hg 0.32 mg/kg. Two pollution indicators, the Pollution Index (PI) and the
Geoaccumulation Index (Igeo), were used to determine the degree of contamination. Both PI and
Igeo indicated the extreme pollution of Hg and Cd, while PI also ranked Zn in the extreme polluted
range. The US Environmental Protection Agency (USEPA) model for adults and children was used
to estimate health risks by inhalation. The results identified non-carcinogenic exposure of children
to lead (HI > 0.1) in commercial and industrial areas. Both children and adults in Zhengzhou’s
commercial, residential, and park areas are exposed to higher levels of copper (Cu), lead (Pb), and
zinc (Zn).

Keywords: geo-accumulation index; heavy metals; road dust; inhalation; resuspension; cancer

1. Introduction

Heavy metals pose a serious threat to human health, and their increasing presence in
urban road dust warrants a health emergency. Studies reveal that the accumulation and
spread of heavy metals in urban road dust is caused by both anthropogenic and natural
factors [1]. Major anthropogenic sources of heavy metals include industrial, household
and traffic emissions, while natural sources include soil particle deposition, resuspension,
weathering, and erosion [2]. In general, urban areas are more vulnerable to heavy metal
contamination compared to rural areas, given the population density and presence of
diverse sources of pollution [3]. There has been a worldwide increase in pollutants owing
to urban dust, which constitutes a genuine environmental and public health hazard [4].

Environmentalists believe that heavy metal contamination is a significant hazard
to the environment [5], and during the previous two decades, a crisis happened with
the increasing buildup and spread of heavy metals [6]. There is evidence that chronic
deposition of metals in metropolitan environments can operate as a secondary pollution
source, resulting in public health issues. Because of their weakened or underdeveloped
immune systems, the elderly and children are generally considered the most vulnerable
groups. Unintentional intake of road powder, most of which goes from dirty hands to nasal
passages, can cause heavy metals to be transferred to the human body [7–9]. Exposure to
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high amounts of ambient particulates (PMs) can induce severe respiratory effects [10]. In
prior research, the respiratory system has been found to be more easily and more seriously
affected by PM2.5 than other human body systems [11]. Children once again make up
the group more susceptible to heavy metals, which can negatively influence their natural
growth [12].

The resuspension of dust belonging to the fraction of PM2.5 is predominantly a cause of
exposure of humans to heavy metals [13,14]. Water-soluble heavy metals have been found
to contribute significantly to PM2.5 and PM10 emissions in a variety of locales, particularly
in urban areas [15]. It has been reported in previous research that re-suspended dust is
primarily responsible for the presence of PM1, PM10, and PM2.5 fractions. Their traffic
emission percentages were found to be 3%, 36%, and 14%, respectively [16]. Moreover,
dust particles with sizes < 100 μm can re-suspend due to winds and the movement of
vehicles [17]. This kind of resuspension is particularly dangerous as heavy traffic flows do
not only move the road dust, but are also responsible for the emission of metals such as
Cu, Zn, Fe, and Pb [18]. The situation becomes worse in the case of unmaintained vehicles,
not fully meeting the requirements of road-worthiness as is the situation in most of the
developing countries. Hence, the production level of PM2.5 is increased significantly [19,20].

In urban areas, parks, leisure places, and city squares are the centers of recreational,
sporting, and commercial activities. As the living standard and lifestyles in China are
improving, people are now more conscious about their health and entertainment, and there
is increased anthropogenic activity at such places. Industrial areas are considered even
more polluted due to the emission of hazardous gases. So, the health of people who live
around these places are affected by the poor quality of environment. The dust containing
heavy metals makes its way to the human body through inhalation, resuspension, ingestion,
and dermal contact, culminating into serious health issues. That is why it is important to
assess and mitigate the pollution levels and their effects on human health.

The main focus of this study is the assessment of health risk caused by PM2.5 fraction
of road dust. For this purpose, samples were collected from 29 locations that included
different functional areas, such as industrial, residential, parks, educational, and com-
mercial areas of Zhengzhou city and the capital of the Henan province in China. The
intention behind choosing these areas was to include every prospect of environment where
normal human beings come in contact with road dust. In previous studies, mostly the
biggest cities received the attention of researchers for road dust pollution analysis, and
minor attention was paid to medium or small cities [21,22]. As a result, despite being
an economic, educational, industrial, and transportation center in China’s central plains,
Zhengzhou was overlooked. The key aims of this research, which is concentrated on the
Zhengzhou metropolitan area, are as follows: (1) to find out the heavy metal concentrations
related to traffic emissions of fraction PM2.5 from the road dust of different functional
areas; (2) assessment of the pollution degree using pollution indices, and (3) health risk
assessment using risk carcinogenic (CR), and Hazard Index (HI) methods for old adults
and children [23,24].

2. Materials and Methods

2.1. Study Area Background

As shown in Figure 1, the capital of Henan Province, Zhengzhou (34◦45′50.4′′ N,
113◦41′2.4′′ E), located in the megalopolis of the Central Plain, is an important commercial,
transport, and logistics hub of central China. The city lies at the foot of the Funiu Moun-
tains on the northeastern side. To the west, it is adjacent to high lands; to the east, it is
encompassed by intermediate and lower terrain [25].
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Figure 1. Study Area of Zhengzhou city.

The town has a moderate continental mountain climate in the northern zone. The
yearly average temperature is 15.6 degrees Celsius, and the annual average precipitation is
542.15 mm. A monthly average temperature is 25.9 ◦C in the warmest month of August,
while a monthly average temperature was 2.15 ◦C during the coldest month of January [26].
Despite the fact that there are four different seasons, the summers and winters are of
significantly longer durations [27].

Zhengzhou’s geographic location, natural resources, cultural glory, political promi-
nence, administrative stature, historical splendor, and significance continue to draw an
overwhelming number of visitors and inhabitants. In December 2019, the city’s population
was anticipated to be 10.350 million people [28]. It was also projected that the city had more
than 4,500,000 authorized motor cars [29] and 3,000,000 un-registered automobiles [30].
Each of these features of urbanism contributes to an increase in carbon footprint and the
emergence of environmental repercussions that are currently being observed in the city.

2.2. Sampling and Laboratory Analysis
2.2.1. Sample Collection

Twenty-nine locations were selected in Zhengzhou city that cover almost all the
important places of different functional nature and the busiest roads, serving the maximum
population (adults, patients, and children) of the city, comprising of those directly exposed
to road dust pollution. Three samples of road dust were collected from each location: one
sample from the center of the road, the second from the side of the road, and the third
from the front of building areas near that road. In this way, eighty-seven samples in total
were collected from twenty-nine locations, including five educational areas, four industrial
areas, six residential areas, seven commercial areas, and seven park/leisure areas. A plastic
brush was used to collect the road dust with the help of a pan and then collected into the
plastic bags. The quantity of the dust samples was >150 g from one sampling point [31,32].
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After that, all the samples were shifted to the laboratory for analysis and kept for at least
one week for drying purposes [33].

2.2.2. PM2.5 Preparation and Total Metal Concentration

For the preparation of PM2.5, Teflon filters were used with a size of 47 mm to acquire
the inhalable segment of the PM2.5 of road dust [34]. Prior to this process, all the Teflon
filters (47 mm) were dried out in a vacuum freeze dryer at 150 ◦C and kept for 6 h to
fully remove the moisture contents, and then were conditioned at 25 ◦C for next 48 h.
Afterwards, using an electronic microbalance, the blank filters were measured thrice and
a flask with a size of 250 mL was used to pour road dust with particle sizes <53 μm. The
road dust was pushed into the re-suspension chamber with the air pressure after its entry
into the flask, and samples of dust were gathered through the outlets of PM2.5 on Teflon
filters (47 mm) for around a minute [35]. The filters contained PM2.5 fractions that were
separated from the outlets in the next step. Again, the weight was measured of all the
filters thrice using electronic microbalance after the filtration of the PM2.5 fraction. At the
last step, the filters were folded halfway and stored at 20 ◦C by wrapping in the foil sheets
of aluminum till the analysis was conducted.

Using the same technique employed in prior research studies [36], the total metal
content was measured using Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
subsequent aqua-regia digestion with the same approach as per earlier studies. In brief,
Teflon filters holding the PM2.5 proportion of samples of dust were composed of two equal
portions, with each part digested with 5 mL of aqua-regia mixture. In order to analyze the
samples using ICP-MS, they were diluted with 2 percent nitric acid (HNO3) solution and
then analyzed using a mass spectrometer.

2.2.3. Quality Control (QC)

In order to ensure the quality of the analysis, all samples were collected in triplicate,
including the Standard Reference Material (SRM) and filter blanks. Acids with trace
concentrations are deemed appropriate for analysis and digestion. Therefore, we used
trace-grade acids (nitric acid and hydrochloric acid) instead of pure acids. The National
Center of Standard Materials of China (NCSMC) provided the standard reference material
(GBW07451), which was acquired by the institution, i.e., Zhengzhou university (ZZU). The
analysis was carried out twice so as to ensure the precision of the spiked samples and aqua-
regia digestion process. The recovery percentage was determined using spiked samples,
SRM metal concentrations, and samples using the same method as prior studies [36]. The
recoveries varied from (90% to 100.3%) and (80% to 130.2%) correspondingly from internal
and SRM standards.

2.3. Pollution Level Assessment

The amount of heavy metal contamination in natural environmental samples including
dust, soil, and water is determined using a number of methodologies. In this study,
Pollution Index (PI) and Geoaccumulation Index (Igeo) were used to quantify the pollution
degree of heavy metals in PM2.5 fractioned road dust samples, and the conclusions were
drawn. Because of the log function and constant factor of 1.5, the index of Geoaccumulation
differs from various other pollution indices, and thus allows for the prevention of lithogenic
effects that may be connected to variations in baseline levels [31]. However, the enrichment
factor has been used to distinguish between the roles of natural and manmade sources of
pollution [37]. For the purposes of computing the enrichment factor and Geoaccumulation
Index, background values of (Cr, Ni, Cu, Zn, As, Cd, Pb, and Hg) in Zhengzhou city were
obtained from a previous study [38], that are 64 mg/kg, 21 mg/kg, 14 mg/kg, 42 mg/kg,
8 mg/kg, 0.08 mg/kg, 18 mg/kg and 0.023 mg/kg, respectively.
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2.3.1. GeoAccumulation Index (Igeo)

In the following study [39], Geoaccumulation Index (Igeo) was used to measure heavy
metal pollution in sediments. This approach has been adopted by a large number of re-
searchers for determining the degree of heavy metal pollution in road dust and soil [40–42].
Here is the Igeo equation to calculate it:

Igeo = log2
CHM

1.5 × BV
(1)

where CHM = heavy metals concentration, BV = background value of metals.

2.3.2. Pollution Index (PI)

The following equation was used to calculate the pollution level that defines the
Pollution Index [43]:

PI =
Cn

Bn
(2)

where Cn = concentration of metal, Bn = background value of that metal.
Geoaccumulation Index (Igeo) and Pollution Index (PI) values and categories were

classified in Table 1.

Table 1. Indexes classification for Geoaccumulation Index (Igeo) and Pollution Index (PI).

Index Value Category

Geo-accumulation Index (Igeo) Igeo < 0 Unpolluted
Igeo 0–1 Unpolluted–moderately
Igeo 1–2 Moderately
Igeo 2–3 Moderately–strongly
Igeo 3–4 Strongly
Igeo 4–5 Strongly–extremely
Igeo > 5 Extremely

Pollution Index (PI) PI ≤ 1 Low
1 < PI ≤ 3 Medium

PI > 3 High

2.4. Health Risk Assessment

The buildup of hazardous metals in urban road dust has the potential to have a
significant adverse effect on human health. By identifying the potential exposure, the
level of risk to human health presented by hazardous metals may be quantified [24].
The breathing route has been assigned a significant place among the major routes of
heavy metal exposure to human body [44]. The health hazards of PM2.5 fractioned road
dust samples were examined for old adults and children in this study using a two-step
methodology devised by the researchers, which includes risk characterization and exposure
assessment [12].

2.4.1. Exposure Assessment

The ongoing research has concentrated exclusively on exposure concentrations and
inhalation exposure that were derived using the equation below [23,24].

MDIinh =
C × Rinh × EF × ED

PEF × BW × AT
(3)

where MDIinh = daily average intake dose of metals for inhalation, C = metal concentration,
Rinh = inhalation rate, EF = exposure frequency, ED = exposure duration, PEF = particular
emission factor, BW = body weight, and AT = average time.
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2.4.2. Risk Assessment

The Hazards Index (HI), Hazards Quotient (HQ), and Carcinogenic Risk Index (CRI)
were used to measure health risks for children and old adults. HQ and HI denote non-
carcinogenic risk, but CRI denotes the chances of heavy metals being potentially carcino-
genic in old adults and children. These parameters were calculated using the follow-
ing equations:

HQi =
MDI
RFD

(4)

HI = ∑ HQi (5)

CRi = MDI × SF (6)

CR = ∑ CRi (7)

where MDI = daily metals intake dose, RFD = reference dose, HQi = non-carcinogenic risk,
HI = sum of hazard quotient, CR = carcinogenic risk, and SF = slope factor.

3. Results and Discussions

3.1. Heavy Metals in Road Dust

Except for Cr and Ni, all heavy metal mean concentrations were determined to be
higher than corresponding background values [38]. The amounts of Hg and Cd were found
to be 14 and 7 times higher, respectively, than respective background values. Anthropogenic
activity, coal and oil burning, and metal refining can all be attributed for the substantially
increased levels of Hg and Cd [45,46]. The mean, median, and minimum and maximum
values of heavy metal concentrations are presented in Table 2.

Table 2. Heavy metal statistical values in (mg/kg).

Statistical Values Cr Ni Cu Zn As Cd Pb Hg

Background values [38] 64 21 14 42 8 0.08 18 0.02
Min 19.93 6.77 7.99 35.53 8.03 0.12 19.30 0.03
Max 94.78 28.23 63.26 1319.28 17.49 3.48 160.62 1.54

Mean 46.26 12.51 25.13 152.35 11.53 0.56 52.15 0.32
Median 40.96 12.38 22.08 113.45 11.11 0.45 43.16 0.14

The concentration of Zn was the highest among all the heavy metals, but it was lower
than that of other major cities of China. Cr, Cu, Ni, Zn, Cd, and Pb concentrations in
Zhengzhou were lower than all other cities of China used for the comparison, as pre-
sented in Table 3. As and Hg were the only two heavy metals whose concentrations in
Zhengzhou were in the intermediate range compared to other cities. Their concentra-
tions in Zhengzhou were higher than those of Beijing but lower than those of Baoji and
Guangzhou [47,48]. The concentration of Hg was lower than in Baoji, but higher than in
Beijing and Guangzhou [3,48]. In comparison to the background values of Zhengzhou,
the concentration was considerably greater, requiring the serious response of regulators
and other stakeholders to address the situation. Land use in Zhengzhou’s counties had
no discernible effect on mercury concentrations. This demonstrates the little effect on the
propagation of mercury from road cleaning and sweeping systems and rainfall handling.
The heavy metal mean concentrations in the samples were in the following order: Zn > Pb
> Cr > Cu >Ni > As > Cd > Hg. It was found that the concentration of heavy metals was
maximum in commercial areas, which can be attributed to increased traffic volumes and
recreational activities. Additionally, the dense concentration of high-rise structures in a
region can impair spontaneous aeration, culminating into increased levels of pollutants [49].
Consequently, the presence of high-rise structures in commercial areas may be responsible
for the increased concentration of pollutants. When comparing residential regions to edu-
cational and commercial sectors, the zinc concentration was greater in residential areas [50].
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The lowest concentrations of heavy metals were found in parks and recreation places, with
the exception of As and Cd, which may be related to the distinct behaviors and properties
of these metals. For Cr, the maximum concentration was seen in commercial areas, while
the lowest concentration was observed in parks. In general, the risk of the presence of
toxins was higher in commercial areas. As is evident from the examples of lead and copper,
commercial zones had the heaviest loads, whereas parks had the lowest.

Table 3. Comparison of concentrations with other cities of China in (mg/kg).

City Cr Ni Cu Zn As Cd Pb Hg

Zhengzhou, China (Background values) [38] 64 21 14 42 8 0.08 18 0.02
Zhengzhou, China

(Mean) 46.26 12.51 25.13 152.35 11.53 0.56 52.15 0.32

Beijing, China [3] 92.1 32.47 83.12 280.65 4.88 0.59 60.88 0.16
Beijing Park, China [51] 69.33 25.97 72.13 219.2 - 0.64 201.82 -

Baoji, China [47] 126.7 48.8 123.2 715.3 19.8 NA 433.2 1.1
Chengdu, China [50] 84.3 24.4 100 296 - 1.66 82.3 -

Guangzhou, China [48] 176.22 41.38 192.36 1777.18 20.05 2.14 387.53 0.22
Guiyang, China [52] 129.04 60.43 129.33 176.05 - 0.61 63.12 -
Nanjing, China [21] 126 55.9 123 394 13.4 1.1 103 0.12

Shanghai, China [53] 157 NA NA NA 8.73 1.24 246 0.16

The possible source of these heavy metals has been explained in Table 4.

Table 4. Possible sources of heavy metals of this study.

Metals Possible Emission Source

Cr Fuel and incineration of lubricants [2]
Ni Tire abrasion and fuel combustion [54]
Cu Brake wear, coal combustion, and brake pad [55]
Zn Brake wear, lubricants, and tire abrasion [56]
Cd Engine wear, lubricating oil, and brake wear [57]
As Drinkable water, foods, and tobacco [58]
Pb Fuel, motor oil combustion, brake wear [18]
Hg Anthropogenic and natural sources [1]

3.2. Pollution Level Assessment

Numerous approaches for measuring the degree of metal contamination in dust and
soil have been proposed. While assessing the degree of accumulation of heavy metals
in the PM2.5 portion of road dust, we utilized the Geoaccumulation Index (Igeo) and the
Pollution Index (PI). Igeo and PI indices have been deemed well-established techniques for
measuring the impacts of heavy metals on the environment by prior research and have
been used in a range of applications [41].

3.2.1. Geoaccumulation Index (Igeo)

Each of the eight metals had their Geoaccumulation Index (Igeo) computed, and the
results can be seen in Table 5.

Table 5. Heavy metals’ Geoaccumulation Index (Igeo) in road dust (mg/kg).

Geoaccumulation Index Cr Ni Cu Zn As Cd Pb Hg

Minimum −2.26 −2.21 −1.39 −0.82 −0.57 −0.02 −0.48 −0.02
Maximum −0.01 −0.15 1.59 4.38 0.54 4.85 2.57 10.02

Mean −1.14 −1.38 0.07 0.91 −0.08 1.91 0.79 2.71
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As per the Geoaccumulation Index (Igeo), the exposure of chromium (Cr), arsenic (As),
and nickel (Ni) was determined to be minimal and within the range of being unpolluted.
They were less than zero in their risk assessment values, demonstrating that the road dust
of Zhengzhou was not contaminated with Cr, As, and Ni. Cu, Zn, and Pb contamination
values were within the unpolluted to moderately polluted ranges. In the case of Cd and Hg,
however, the levels of pollutants, owing to air deposition and road particle absorption, were
quite high. The former was determined to be in the moderately contaminated category,
whilst the latter was found to be in the moderate to severe polluted range, respectively. In
the following order, the Igeo values decreased: Hg > Cd > Zn > Pb > Cu > As > Cr > Ni.

3.2.2. Pollution Index (PI)

The Pollution Index (PI) was computed for each of the eight factors under study, and
Table 6 shows the resulting minimum, maximum, and mean values for each of the eight
elements under research.

Table 6. Heavy metals’ Pollution Index (PI) in road dust (mg/kg).

Pollution Index Cr Ni Cu Zn As Cd Pb Hg

Minimum 0.31 0.32 0.65 0.86 1.12 2.19 1.24 1.54
Maximum 1.33 1.08 3.97 16.86 1.81 25.77 5.74 48.12

Mean 0.72 0.59 1.79 3.62 1.43 7.15 2.89 14.25

Chromium (Cr) and nickel (Ni) pollution index values were lower than 1, i.e., 0.72
and 0.59, respectively, which indicated the low pollution or no pollution based on PI
estimation. In the case of Copper (Cu), arsenic (As), and lead (Pb), the Pollution Index
showed the values 1.79, 1.43, and 2.89, respectively and lies within the range (1 < PI ≤ 3)
of moderate pollution. Zinc (Zn), cadmium (Cd) and mercury (Hg) were in the range
(PI > 3) of high pollution having values 3.62, 7.15 and 14.25, respectively. So, the concerned
heavy metals were Zn, Cd, and Hg as per the Pollution Index (PI) estimation, similar to the
Geoaccumulation Index (Igeo), with the exception of Zn.

3.3. Health Risk Assessment

For those with weak immune systems, including children and patients, harmful metal-
laden road dust can be highly hazardous. Children and adults have inhalation exposure
to the heavy metals investigated within PM2.5 factionalized road dust samples collected
from Zhengzhou. A United States Environmental Protection Agency (USEPA) health risk
assessment technique was used to calculate children’s and adults’ health risks associated
with the investigated metals, both non-carcinogenic and carcinogenic. The absence of local
guideline values necessitated the use of the USEPA’s model to compute health risks. The
values from prior literature were used, as indicated in Table 7, to quantify health risks
using the model. RFD values were: Cd (1.00 × 10−3), Cr (2.86 × 10−5), Cu (4.02 × 10−2), Ni
(2.06 × 10−2), Pb (3.52 × 10−3), Zn (3.00 × 10−1), Hg (8.57 × 10−5), and As (1.23 × 10−4),
while SF values were; As (1.51 × 100), Cd (6.30 × 100), Cr (4.20 × 101), Ni (8.40 × 10−1),
and Pb (8.50 × 10−3). A carcinogenic and non-carcinogenic health risk Hazard Index (HI)
and Hazard Quotient (HQ) was determined by using MDIinh values for child and adult
exposition to toxic metals via resettled road dust. In the current study, eight hazardous
metals were chosen for non-carcinogenic and carcinogenic health risk evaluation.
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Table 7. Carcinogenic and non-carcinogenic indices parameters.

Parameter Factor Values Units

Average Time AT 365 × ED Days
Bodyweight BW (Child) 15 Kg
Bodyweight BW (Adult) 70 Kg

Exposure duration ED (Child) 6 Years
Exposure duration ED (Adult) 24 Years

Exposure frequency EF 180 Days/year
Dust inhalation rate RInh (Child) 10 m3/day
Dust inhalation rate RInh (Adult) 20 m3/day

Particular emission rate PEF 1.36 × 109 m3/kg

3.3.1. Non-Carcinogenic Risk

The samples of dust collected from distinct land-use areas were used to determine the
HI values and HQs in different exposure routes. As per the evaluation made according
to statistical data in Table 8, the sequence of the HI values of the all the heavy elements at
risk in various functional domains is as follows: commercial > industrial > residential >
educational > parks, for adults and children. Although the non-carcinogenic risk score of
each heavy element was higher in magnitude for children, compared to those for adults
in comparable functional domains, no statistically significant difference was detected
between land-use areas. Children in industrial and commercial areas had the highest
non-carcinogenic risk level, HI > 0.1, to all the heavy elements exposed to the human
body by urban dust in diverse land use. Furthermore, even at low concentrations, lead
(Pb) is harmful to human health because it interferes with the development of the brain
system and other organs [59]. High amounts of lead in the bloodstream, additionally, can
induce bone deformities [60], particularly in youngsters, and may also have a detrimental
influence on the body’s neurological system, kidneys, and brain tissues [12,52]. The
people, particularly youngsters, chronically exposed to polluted commercial and industrial
environments require special protection and healthcare. It shows that the HI geographical
distribution trend of each heavy element is the same for adults and children. Since children
are more vulnerable than adults, the HI for a given heavy element at a given concentration
is higher in children than in adults [59]. Arsenic can be present in a variety of sources,
including drinkable water, foods, and tobacco. Long-term inorganic arsenic exposure,
which is most typically acquired by drinking water and food, has been linked to chronic
arsenic poisoning. As per a World Health Organization study, arsenic in contaminated
water is easily absorbed and might cause health problems based on its metabolic form [58].

Table 8. Hazard Index (HI) values of heavy metals in different land use areas.

HI

Land Use
Areas

Non-
Carcinogenic

Cr Ni Cu Zn As Cd Pb Hg

Educational Adult 9.12 × 10−3 1.83 × 10−4 4.07 × 10−4 3.66 × 104 1.06 × 10−2 9.90 × 10−4 9.79 × 10−3 1.03 × 10−2

Children 1.71 × 10−2 4.15 × 10−4 3.82 × 10−3 3.41 × 10−3 2.42 × 10−2 1.75 × 10−3 9.07 × 10−2 1.04 × 10−2

Residential Adult 1.18 × 10−2 1.86 × 10−4 5.66 × 10−4 3.92 × 10−4 1.04 × 10−2 5.80 × 10−4 1.05 × 10−2 1.56 × 10−2

Children 2.13 × 10−2 4.15 × 10−4 5.29 × 10−3 3.65 × 10−3 2.32 × 10−2 1.02 × 10−3 9.64 × 10−2 1.54 × 10−2

Parks Adult 8.41 × 10−3 1.64 × 10−4 2.88 × 10−4 2.25 × 10−4 1.06 × 10−2 5.41 × 10−4 7.11 × 10−3 7.96 × 10−3

Children 1.54 × 10−2 3.67 × 10−4 2.67 × 10−3 2.08 × 10−3 2.43 × 10−2 9.58 × 10−4 6.59 × 10−2 7.87 × 10−3

Commercial Adult 1.56 × 10−1 1.87 × 10−4 7.44 × 10−4 3.46 × 10−4 9.22 × 10−3 8.43 × 10−4 1.36 × 10−2 1.61 × 10−2

Children 2.85 × 10−2 4.16 × 10−4 6.93 × 10−3 3.25 × 10−3 2.08 × 10−2 1.51 × 10−3 1.25 × 10−1 1.59 × 10−3

Industrial Adult 1.65 × 10−2 2.81 × 10−4 3.32 × 10−4 3.17 × 10−4 9.72 × 10−3 5.16 × 10−4 1.17 × 10−2 9.77 × 10−3

Children 3.07 × 10−2 6.32 × 10−4 3.06 × 10−3 2.92 × 10−3 2.21 × 10−2 9.11 × 10−4 1.06 × 10−1 9.64 × 10−3
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3.3.2. Carcinogenic Risk

The carcinogenic risk of heavy metals such as Cr, Ni, Cd, and As assessed in this study
revealed that the risk of cancer for Ni, Cd, and As was negligible, with average cancer
risk factors of 6.57 × 10−10, 2.03 × 10−10, and 9.66 × 10−10, correspondingly, which fell
below the lower range of threshold values 10−6 to 10−4 and are considered acceptable,
as shown in Table 9. However, the higher value of As was a cause for concern and can
lead to many harmful consequences such as severe damage (keratosis, leucomelanosis,
and melanosis) [61]. In Zhengzhou, the cancer risk (Cr = 1.16 × 10−7) posed to the pop-
ulation was possibly near to the lower limit value of 10−6, while the samples collected
from inside the industrial region exhibited a cancer risk of 8.57 × 10−7. Carcinogenic
elements are classified into five functional categories based on their hazard index values.
The largest cancer health hazards are associated with Cr and Ni and are found in the indus-
trial region, followed by commercial, residential or educational, and parks, which have
comparable HI values. Furthermore, chromium is widely used to preserve metal surfaces
and construction materials, including in electrolysis, cells, polymers, and fertilizers [50].
Thus, the development of educational and commercial buildings, as well as the usage
of cells and polymers in residential areas, may account for the educational, commercial,
and residential areas having higher carcinogenic values of chromium (Cr). As a result,
the cancer risk associated with Cr exposure to people, particularly in industrial settings,
should be given significant consideration. A comprehensive assessment of pollution risks
for a city should also consider the health risks posed by certain toxins, such as polycyclic
aromatic hydrocarbons (PM2.5), other undetected heavy metals including Fe and Mn, or in
somewhat high-pollution areas (such as mining areas), in addition to the risks posed by
other pollutants.

Table 9. Carcinogenic Risk (CR) values of heavy metals in different land use areas.

CR

Land Use Areas Carcinogenic Cr Ni As Cd

Educational Adult 8.93 × 10−8 6.31 × 10−10 1.02 × 10−9 2.90 × 10−10

Residential Adult 1.12 × 10−7 6.25 × 10−10 9.77 × 10−10 1.71 × 10−10

Parks Adult 8.21 × 10−8 5.55 × 10−10 1.04 × 10−9 1.60 × 10−10

Commercial Adult 1.53 × 10−7 6.33 × 10−10 8.86 × 10−10 2.46 × 10−10

Industrial Adult 1.60 × 10−7 9.61 × 10−10 9.31 × 10−10 1.50 × 10−10

4. Conclusions

Heavy chemicals in road dust pose a serious health risk to people. The amounts of
eight heavy metals in Zhengzhou metropolitan road dust and the level of harm to human
health have been evaluated in the current study. With the exception of Ni and Cr, all heavy
metal concentrations were determined to be greater than their background levels. The
amounts of Hg and Cd were 14 and 7 times greater than their respective background levels,
which shows high contamination. This alarming situation requires immediate action by
all stakeholders. Igeo indicated a range of pollution categories, from strongly polluted (Cd
and Hg) to unpolluted (Ni and Cr). PI produced almost similar results, placing Ni and
Cr in the range of low pollution or no pollution and Cd, Zn, and Hg in the range of high
pollution, whereas Zn pollution was not indicated by Igeo.

Analyzing non-carcinogenic risk factors, the largest for children was the exposure
to Pb (HI > 0.1) in commercial and industrial areas among all the land-use areas under
consideration. It was further divulged that that both children and adults in Zhengzhou’s
commercial, residential, and park areas were highly exposed to Cu, Pb, and Zn. The major
source of these metals in such cases is vehicular exhaust. Northwestern Zhengzhou was
found at the highest non-carcinogenic exposure risk to Cr and Ni from point sources. The
cancer risk value of Cr was more likely to be at the lower limit of the threshold value,
particularly in the industrial sector. As a result of the enhanced heavy metal concentrations
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in road dust as compared to background levels, it appears that the current situation is
deteriorating, and people of the Zhengzhou metropolitan are at high risk of experiencing
to these heavy metals.
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Abstract: Particle size distribution (PSD) of road dust has significant repercussions on atmospheric
pollution by road dust resuspension. The PSD of road dust at a few major commercial, traffic, and
residential sites in Kolkata mega city was analyzed in the size range of <28–2000 μm. Predominance
of the coarse size range (212–600 μm followed by 106–212 μm) was observed. In size-segregated road
dust, Fe (4.02–31.2 g kg−1) dominated other elements and was followed by Mg (2.13–10.9 g kg−1),
Mn (79.2–601 mg kg−1), Li (395.8–506.8 mg kg−1), and others. Fine particles (<28 μm) had higher
elemental concentrations than coarser ones. Cd and Li showed the highest degree of enrichment
compared to the Earth’s crust, but only Cd posed significant ecological risk due to its high ecological
toxicity. Individual elements did not post significant non-cancer health risks, except for Li in children.
However, the cumulative non-cancer risk from all toxic elements for children was almost four times
higher than the acceptable level. Lifetime exposure to carcinogenic elements at the current level
may pose 5 to 6 times higher cancer risk in the adult population than the acceptable risk of one in
a million.

Keywords: air pollution; dry sieving; dust resuspension; human health risk; exposure; optical
analysis; street dust

1. Introduction

Road dust is a complex mixture of particles of both natural and anthropogenic origins.
The former is derived primarily from soil, plant, and animal kingdoms (e.g., mold spores,
animal dander, pollen, pollen fragments) and atmospheric deposition. The latter comes
from construction and demolition materials (asphalt, concrete, paint), road wear and tear,
automobiles (tire and brake wear and tear, body rust, tailpipe exhaust, etc.), and industrial
inputs [1–4].

Road dust shares a dynamic relationship with the ground-level atmosphere and
gets resuspended in the air via the sweeping action of wind and vehicle movements on
roads [5,6]. In a resuspension chamber study, Martuzevicius et al. [7] found that PM2.5,
PM10, and PMtotal increased proportionally with increased airspeed from 8 m s−1 to
15 m s−1. Dust particles with an aerodynamic diameter of about <1 μm to about 100 μm
may become airborne, depending on their origin, physical characteristics, and ambient
conditions [8]. The Urban Air Quality Management Strategy in Asia (URBAIR), based on
the estimates of PM10/TSP ratios for different sources, found that 20% of atmospheric PM10
came from road dust resuspension [9]. In Barcelona (Spain), Amato et al. [10] estimated
that road dust accounted for 17% in PM10, 8% of PM2.5, and 2% of PM1, implying that
resuspension was responsible for 37%, 15%, and 3% of total traffic emissions, respectively,
in PM10, PM2.5, and PM1. It was estimated that annual total suspended particulates (TSP)
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emissions accounted for about 240,000 t y−1 in 2000 in urban and suburban Beijing. Traffic
resuspended dust contributed more than 30% of atmospheric TSP [11]. In Kanpur (India),
road dust emission was a significant source of air pollution, amounting to 25–50% of
tailpipe emissions [12].

Particle size distribution (PSD) of road dust is of extreme importance as it governs
mobility of particles in the association of attached pollutants and, together, govern air
pollution potential of an area by resuspension [13,14]. In a study in Haidian District, Beijing,
China, the median diameter of road dust (d50) ranged from 100 to 200 μm [1]. Road dust
from selected land-use types were predominantly fine particles (<250 μm, 60–75%), while
grain size of 62–106 μm was the most abundant amongst eight size fractions, contributing
27 ± 5% and 38 ± 21% from college & residential and main traffic roads, respectively. Zafra
et al. [15] reported that 82% of road dust vacuumed directly from the road surface was
<1000 μm and 6.5% was <63 μm in Torrelavega (Northern Spain), while dust collected after
sweeping was much finer, in which about 98% was of <1000 μ and 27% was under 63 μ.
Vaze and Chiew [16] reported 10% and 15% contribution of vacuumed and swept road dust
particles, respectively, in <100 μ road dust particles. Smaller particles with lower density,
greater surface area per unit volume [17], and potential association with higher amounts of
organics and pollutants are of particular concern [18,19]. A significant positive association
between PM2.5 in road dust and hospital admissions due to cardiovascular and respiratory
complications have been reported [20,21]. Therefore, road dust has immense importance
from environmental and health perspectives. Populations with specific occupations such
as drivers, roadside hawkers, shop owners, workers in roadside offices, and traffic police
personnel are particularly vulnerable due to their occupational exposure towards fine road
dust and road dust-borne contaminants.

Kolkata is a megacity and one of the largest in the world in terms of population density
of 24,252 persons per sq. km, underlining the importance of likely health risk from road
dust resuspension [22]. In a recent study, it was reported that the only significant risk
combination (hazard index) in Kolkata was lead (Pb) exposure to children via road dust
and ingestion was the dominant risk pathway [23]. ADB [24] had reported that about 15%
of the average contribution (ranging from 5% to 28% over various seasons) of road dust
atmospheric PM2.5 and about 60% of respirable particulate matter were contributed by
road dust in Kolkata during 2003. A recent emission inventory study for Kolkata indicates
that vehicle-induced road dust resuspension contributed about 15 kt y−1 of PM10 in 2015,
i.e., 25% of the total estimated PM10 emission. Due to increasing vehicular movements,
road dust is projected to contribute 41 kt yr−1, i.e., about 48% of the total PM10 in 2030 [25].
Proper control of road dust may reduce the PM10 and PM2.5 load of the air of Kolkata city
by 7.5% and 2.3%, respectively [26].

Investigating the PSD of road dust vis a vis potential elemental signature at busy city
locations is crucial to assess spatiotemporal variation in road dust and potential health
risks. The PSD of road dust in Kolkata city has not been studied in detail yet. This study
was designed to examine PSD of road dust at some significant commercial and densely
populated areas in Kolkata, along with elemental loading in size-segregated road dust,
keeping in view the potential effects of dust exposure on human health.

2. Materials and Methods

2.1. Background of the Study Area and Road Dust Sampling

The present population of the Kolkata Municipality area is more than 4.5 million,
making it the third-largest city after Delhi and Mumbai in South Asia [22]. Due to issues
like agglomeration, congested narrow roads, and construction and repairing activities, the
city experiences substantial air pollution by particulates and is one of the non-attainment
cities in India in terms of air pollution [27]. High emissions from the firing of smoking
fuels in commercial eateries, use of adulterated fuels in two- and three-wheelers, lack of
maintenance of vehicles, heavy traffic, congestion at traffic intersections, road encroachment
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by pavement dwellers and street hawkers, etc., lead to substantial air pollution in the
city [28].

Locations selected for road dust collection were mainly busy traffic roads, feeder roads,
and service roads made up of asphalt coats. Most of the chosen sites were lined by shops
and other commercial establishments, while a few were near bus stands, petrol pumps,
and other government offices (Table 1). The sites were classified into traffic, commercial,
residential, traffic + commercial, and traffic + residential areas based on primary activities
or major inhabitation types observed around the sites. The sampling sites are depicted in a
map vis-a-vis the city roads and urban agglomerations (Figure 1). Road dust was collected
from about 3–4 points over an approximately 8 m2 area on asphalt city roads and turned
into one composite sample per site. Road dust was collected using the ‘Brush and Pan’
method, which is the most common method of road dust collection reported in about 88%
of reviewed studies worldwide that collected bulk road dust samples (n = 177) [29]. Road
dust was collected by thorough brushing of deposited dust, in a way so as not to cause
abrasion on the road surface, by an inert nylon brush, and then stored in sample containers
after collection in a stainless steel pan. Thorough brushing was done on the sampling spots
to ensure maximum recovery of all deposited particles, including fines. Gravels, leaves,
visible fibers, broken twigs, if any, large construction materials, and other large particles
(>3 mm) were discarded during collection. A total of 11 site-specific samples of road dust
were collected.

Figure 1. Road dust collection sites in Kolkata City (major road transport corridors are marked as
dotted black bands).
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Table 1. Summary of road dust collection sites.

Site Name Site Coordinates Details

Commercial Area

Alipore 88.3363◦ N
22.5268◦ E

Semi-congested area; Asphalt Road; Court and Urban Local Body office
nearby, a bus stop and a petrol pump are nearby

Residential Area

Jadavpur 88.3707◦ N
22.4940◦ E

Asphalt Road; Low vehicular load; Railway station is within 500 m;
A flyover is just adjacent; Local market is nearby

Picnic Garden 88.3884◦ N
22.5266◦ E

Semi-congested; Dotted by residences and small roads; Low vehicular
road; Busy traffic square is nearby

Traffic Area

College Street 88.36408◦ N
22.5774◦ E

Congested Area; Asphalt Road; High vehicular traffic; Presidency College
and College Square are nearby

Ruby Square 88.4029◦ N
22.5135◦ E

Congested area; Asphalt Road; Heavy construction activity; Very high
vehicular traffic; Gateway Hotel, a petrol pump are nearby; Small roadside

food stalls that use biomass cookstoves

Ultadanga 88.3402◦ N
22.5927◦ E Asphalt Road; Very high vehicular traffic; Circular rail station is nearby

Traffic + Commercial Area

Rabindra Sadan 88.3451◦ N
22.5433◦ E

Wide Asphalt Road; Heavy vehicular traffic; Cinema Hall and Childrens’
Museum are nearby

Hazra 88.34706◦ N
22.52372◦ E

Congested Area; Asphalt Road; Heavy vehicular traffic; Cancer Hospital,
College and a big Park are nearby

Esplanade 88.3504◦ N
22.5647◦ E

Wide asphalt road; Heavy vehicular traffic; Mosque, a metro station,
Income Tax Office, etc. are nearby; Large stores are also there in the vicinity

Shyambazar 88.3731◦ N
22.6006◦ E

Congested area; Asphalt Road; Very high vehicular traffic; Metro station is
nearby; High commercial activity and surrounded by food stalls

Khidirpur 88.3268◦ N
22.5404◦ E

Congested Area; Asphalt Road; Traffic load is high; Commercial area,
a bridge and a large market, etc. are nearby

2.2. Particle Size Distribution Analysis

Particle size distribution (PSD) analysis of road dust samples was undertaken using
two different methods. A microcontroller-based electromagnetic sieve shaker (EMS-8, Elec-
trolab, Electrolab India Pvt. Ltd., Navi Mumbai, India), having tri-dimensional movement
integrating a vertical movement with a rotation, was used to segregate and determine PSD
of road dust samples in 5 different cut-off sizes viz. > 2000 μm, 1000–2000 μm, 600–1000 μm,
212–600 μm, 106–212 μm, 63,106 μm, 45–63 μm, 28–45 μm, and ≤28 μm. Recovery of road
dust samples from the series of sieves ranged from 98.1–98.8%. Each size portion of dust
samples was weighed and stored in a refrigerator. Percentage distribution of particulates
in each size range was calculated and recorded.

Segregated road dust samples in <106 μm size range was subjected to finer particle
size distribution analysis in an Optical Particle Size Analyser (make: Sympatec, Clausthal-
Zellerfeld, Germany) fitted with a HELOS (Helium-Neon-Laser for Optical Spectrometry)
sensor in dry sample feed mode. Within each HELOS, the primary physical diffraction set-
up is realized by deploying a parallel laser beam that yielded an optimum optical alignment
to analyze extended spatial arrangements of particles. The analyzer was operated with
a pressure of 3 bar, a vacuum of 10 mbar, a feed rate of 50%, a temperature control of
10–60 ± 0.1 ◦C in a measurement duration of 5 s.
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2.3. Analysis of Elements

Analysis of elements in road dust was restricted to <106 μm particles due to higher
health risks associated with fine particles amenable to resuspension in air [30–33]. Sieved
and oven-dried samples (105 ◦C for 2 h before analysis; about 0.1 g) were digested with
10 mL concentrated HNO3 in a microwave digester (Start MOD, Make M/s Milestone
s.r.l., Sorisole, Italy). After digestion, samples were cooled and diluted to 50 mL by ul-
trapure water (MiliQ, Make M/s Millipore) and filtered through a 0.2 μm PTFE filter
(M/s Millipore). Altogether, fourteen elements (Cd, Cr, Co, Pb, Mn, Ni, Sr, Zn, Fe, Mg,
Li, Ti, Cu, Ba) were determined in road dust using Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES, make: Teledyne Leeman Labs). A multi-point exter-
nal calibration curve was prepared to estimate elements in extracted samples from a
multi-element standard (M/s Accustandard) through serial dilutions. Calibration curves
were prepared in two concentration ranges, the lower in μg L−1 range and higher one in
mg L−1 range. Extracted samples were first analyzed against μg L−1 range and elements
with concentrations beyond the μg L−1 range were again analyzed against the mg L−1

range calibration curve. No contamination was detected in reagent blanks.

2.4. Assessment of Elemental Pollution by Enrichment Factor and Other Indices

The enrichment factor (EF) approach was utilized to assess the degree of elemental
pollution [34]. EF is defined mathematically as:

EF =

(
Xn
R

)
dust(

Xn
R

)
background

where, (Xn/R)dust and (Xn/R)background are the concentration ratios of element n and the
normalizer R in the road dust and background material, respectively. Titanium (Ti) was
used as the normalizer and average elemental concentrations in earth crust were used as
background [35]. Ti was used as the reference element for geochemical normalization as:
(1) Ti is naturally associated with earth crust, is stable, non-reactive, and inert standard
element with respect to the physico-chemical parameters of the environment [36]; (2) Ti
geochemistry is similar to many other trace elements; and (3) its crustal concentration is
fairly stable and is negligibly added by anthropogenic activities which is an important
criterion [37]. Degree of element pollution was classified into five categories [38]: (1) EF <2
(depletion to minimal); (2) EF = 2–5 (moderate); (3) EF = 5–20 (significant); (4) EF = 20–40
(very high); and (5) EF > 40 (extremely high).

The Contamination Factor (Ci
f) provides a single pollution index of a given element

and is quantified as the ratio of an element to the background concentration of the corre-
sponding element [39]. The Ci

f is the ratio obtained by dividing the concentration of each
element in road dust by the background values in the earth crust [35].

Ci
f =

Celement
Cbackground

Celement and Cbackground are the measured concentrations of the element ‘i’ and the
background concentrations, respectively. In this study, the average crustal concentration
for elements [35] was used as a reference concentration. The degree of contamination (Cdeg)
is the sum of the contamination factors of measured elements that indicates the overall and
extent of contamination of the study sites. It is estimated as follows [40].

Cdeg =
n

∑
i=1

Ci
f
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The Cdeg of the contamination may be classified based the scale ranging from <8 to >32
with classes such as <8, 8–16, 16–32, and >32 indicates low degree, moderate, considerate,
and a very high degree of contamination, respectively [39,41].

The potential ecological risk index (RI), proposed by Hakanson [42], was calculated to
assess the likely ecological risk levels of selected elements Hg, As, Cu, Cr, Zn, and Pb in
four different fractions (<28, >28–<45, >45–<63, and >63–<106 μm) in road dust. RI was
calculated using the following relationships [42,43].

RI =
n

∑
i=1

Ei

where,
Ei = Tifi

fi= Ci/Bi

where Ei is the potential ecological risk factor of element i, Ti is the element toxic factor,
i.e., Cu = 5, Pb = 5, Cr = 2, Ni = 5, Cd = 30, and Zn = 1 [42,43], fi is the element pollution
factor of element i, which equals to the amount of element i in the sample (Ci) divided
by its reference value (Bi) in earth crust. Levels of potential ecological risk assessment are
<150, 150 ≤ RI <300, 300 ≤ RI < 600, and RI > 600 indicating low, moderate, severe, and
serious ecological pollution level, respectively [42,44,45].

2.5. Human Health Risk Assessment

The population in an urban area is exposed to road dust daily. Exposure to the
elements in the road dust can be potentially toxic and may pose considerable non-cancer
and cancer health risks to the population of Kolkata. Pathways of human exposure to road
dust can be ingestion (Ig), inhalation (Ih), or dermatological contact (Dm). The exposure (E)
from chronic daily intake of potentially toxic elements (PTEs) through the above pathways
has been calculated as per the following equations.

Eig =
Ci × 106 × RIg × Fexp × ED(

BWavg × Tavg
) (1)

Eih =
Ci × RIh × Fexp × ED(

EFp × BWavg × Tavg
) (2)

EDm =
Ci × 106 × SAF × AFDm × Askin × Fexp × ED(

BWavg × Tavg
) (3)

Cancer and Non-Cancer Risk Assessment

Integrated lifetime cancer risk or CR is estimated from Equation (4):

CRi = Ei(Ig) × SFi (4)

The non-cancer health hazard from exposure to PTEs has been estimated as hazard
quotient, HQ as per Equation (5):

HQ = Ei(Ih/Ig/Dm) / RfDi (5)

RfDi is a chronic exposure reference dose for PTE ‘i’, below which undesirable health
complications are not expected.

The cumulative non-cancer health hazard from cumulative exposure to PTE ’i’ is
expressed as hazard index, HI, as per Equation (6):

HI = ∑i HQ (6)
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The definition of various parameters and assumed values are presented in Table 2. [46–53].

Table 2. Definition of parameters and values for health risk assessment.

Parameter Unit Abbreviat-Ion
Assumptions for Health

Risk Assessment

Ingestion Exposure - EIg -
Inhalation Exposure - EIh -

Dermatological Exposure - EDm -
Observed concentration of element ‘I’ in road dust - Ci -

Ingestion Rate mg day−1 RIg Adult: 100; Children: 200
Inhalation rate m3 day−1 RIh 20

Frequency of exposure Days year−1 Fexp 365
Exposure duration Years ED Adult: 24; Children: 6

Average body weight Kg BWavg Adult: 60 kg; Children: 18 kg
Averaging time Days Tavg (ED × Fexp)

Particle Emission Factor m3 kg−1 EFP 1.36 × 109

skin adherence factor mg cm−2 SAF Adult: 0.07; Children: 0.2
dermal absorption factor - AFDm 0.001

Area of skin cm−2 Askin Adult: 5700; Children: 2800
Carcinogenic Slope Factor of element ‘I’ (mg kg−1 day−1)−1 SFi *

reference dose for chronic exposure of element ‘i’ (mg kg−1 day−1) RfDi *

Average values adopted from published literature [48–57]. * Oral SF and RfD values of different exposure pathways for individual toxic
elements are given in Section 3.4).

The chronic exposure reference dose and risk values for PTEs are adapted from Risk
Assessment Information System of USEPA and other published literature [53,54]. PTEs
with established RfDs were only selected for calculating the health risk index.

2.6. Statistical Analyses

To categorize the sites in clusters based on similarity in particle size distribution
(<28–2000 μm and <106 μm size ranges analyzed by dry sieving and optical analysis,
respectively). Cluster analysis was undertaken on particle size distribution data by Ward
Method in Statistica Software (Dell Software, Round Rock, TX, USA, Version 13). Further,
the average size distribution for all sites in <28–2000 μm and <106 size ranges of road
dust particles were made to undergo distribution fitting separately via CDF (Cumulative
Distribution Function) plot method by Statistica Software (Dell Software, Version 13). CDF
plots display theoretical CDF of fitted distributions and empirical CDF based on sample
data to determine data fitness to distributions. In the generated plots, N designates the
number of non-missing observations.

3. Results and Discussion

3.1. Physical Attributes of Road Dust

PSD analysis of road dust by dry sieving technique revealed a predominance of
106–600 μm particles in all the samples in which the 212–600 μm size group had the highest
share, followed by 106–212 and 63–106 μm size groups (Supplementary Figure S1). In
Jadavpur, about 57.5% of road dust belonged to 212–600 μm diameter, followed by Es-
planade (52.4%), and then Alipore, College Street Rabindra Sadan (48.0–49.6%). But at
Khidirpur, the share of 212–600 μm particles was lower than the 106–212 and 63–106 μm
size ranges, only 20%, the lowest amongst all. At Khidirpur, 106–212 μm particles had the
highest share (about 23%), which was very closely followed by 212–600 and 63–106 μm
ranges (19% and 20.5%, respectively). According to USDA (United States Department
of Agriculture) classification, particles having a diameter in the range of 250–2000 μm
(0.25–2.0 mm) are mainly medium and coarse sand particles, while particles from
50–250 μm (0.05 to 0.25 mm) range are various fine sand categories [55]. Particles of
1–2 mm diameter, categorized as very coarse sand, had a maximum share of about 6.8% at
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Picnic Garden followed by Ultadanga, while the percentage of gravel (>2 mm) was highest
at Picnic Garden (4%) but generally low in all others (0.05–2.4%). The average share of
finer particles in the ranges of 45–63 μm, 28–45 μm, and <28 μm was highest at Khidirpur
(8%), followed by Picnic Garden (5%), while the average share at all other sites was <5%.
The above results implied the dominant presence of particles that matched size ranges
designated to various types of sand.

More refined PSD analysis of segregated road dust (<106 μm) by optical particle size
analysis went down to the estimation of the <4.5 μm size range, showcasing particles of
concern from an air pollution perspective. The criteria air pollutant, PM10 (particles with
<10 μm aerodynamic diameter), matched most closely to <11 μm range (PM11) measured
by the optical analyzer. This size group was most dominant at Picnic Garden (~23.4% of
the 0–106 μm particle range), followed by College Street (18% of the 0–106 μm particle
range), Khidirpur (~16% of the 0–106 μm particle range), Hazra and Esplanade (both
~14.3% of the 0–106 μm particle range) and others (Supplementary Table S1). About 50%
of inhalable, thoracic, and respirable groups of dust designated for work environment
corresponds to 100, 10, and 4 μm particles, respectively [56]. In the reported size groups
in this study, the nearest corresponding size groups to the above groups were PM106,
PM11, and PM4.5. The actual share of the other criteria particulate air pollutants, i.e., PM2.5
(particles with <2.5 μm aerodynamic diameter), could not be revealed by the optical PSD
analysis. The nearest particle size group assessed was <4.5 μm. The PM4.5 had the highest
share at Picnic Garden (10.42%), followed by College Street, Khidirpur, Hazra (8.73%,
6.9%, and 6.2%, respectively) while the other sites had similar shares (4.5–5.7%). The
non-cumulative particle size distribution resembles a normal distribution with negative
skewness in <4.5–106 μm size range (Figure 2). Zafra et al. (2011) [15] reported that
road dust and sediments collected from drains, bicycle lanes exhibited positively skewed
log-normal distribution. Similar particle size distribution was also reported in road and
gutter surface dust [57,58]. The optical size analysis 10, 16, 50, 84, 90, and 99 percentile
contributions are given in Supplementary Figure S2. Picnic Garden had higher percentiles
of smaller particles in every size range, indicating the finer nature of this road dust.
Other critical physical characteristics like Volumetric Mean Diameter (VMD), Sauter Mean
Diameter (SMD), surface area to volume ratio (Sv), and specific surface area (Sm) are also
reported (Supplementary Table S2). Road dust at Picnic Garden had the highest Sv and
Sm (0.51 and 1877.3) and correspondingly lowest VMD and SMD (32.58 and 11.79) that
confirmed the finer nature of road dust at this site. The Sv, Sm, VMD, and SMD ranges
were 0.28–0.44, 1038.2–1617, 35.46–48.3, and 13.69–21.32, respectively, at other sites.

The average particle size distribution was tested for distribution fitting by cumulative
distribution function (CDF) plots in <28 μm–2 mm and <106 μ size ranges. It was found
that the data did not fit very well to a normal distribution (Supplementary Figure S3a,b).
Cluster analysis was performed amongst sites, separately for <28–2000 μm and <106 μm
size ranges and site-wise cluster trees were developed to categorize sites with similar
PSDs. The height of vertical lines in the branching dendrogram signifies the degree of
difference between branches; the longer the line, more significant is the difference. In
<28 μm–2000 μm, the branching dendrogram represented similarity amongst the site-
groups of Khidirpur and Picnic Garden, Shyambazar and Hazra; Rabindra Sadan and
Ruby Square; and Esplanade and Alipore. Khidirpur and Picnic Garden group was much
different from other groups. Sites of Ultadanga, College Street, and Jadavpur each were
outstanding (Figure 3a). In <106 μm size, Rabindra Sadan and Ruby Square; Shyambazar
and Jadavpur; Hazra and Esplanade; Picnic Garden and College Street could be categorized
as similar sites. The Picnic Garden and College Street group differed from the other three
groups (Figure 3b).
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Figure 2. Non-cumulative distribution of road-dust (<106 μm size range) collected from different sites in Kolkata mega city.

(a) 

(b) 

Figure 3. Tree clustering diagram depicting clustering of sites as per similarity in PSD of (a) road
dust (<28–2000 μm size range) and (b) road dust (<106 μm size range).
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3.2. Elemental Concentration in Road Dust

In size segregated road dust, Fe (4.02–31.2 g kg−1) dominated other elements, in-
cluding alkaline earth elements like Mg (2.13–10.9 g kg−1), Mn (79.2–601 mg kg−1), Li
(395.8–506.8 mg kg−1), followed by other detected elements above LOQ. The substantial
presence of Li in Kolkata road dust may have to do with the presence of the sea at the
Bay of Bengal within about 120 km from the city, implying the possibility of historical
deposition of sea salt with Li on city roads, considering seawater is rich in Li [59]. Amongst
the criteria elements (As, Ni, and Pb) earmarked in National Ambient Air Quality Stan-
dard (NAAQS) in India [60], Arsenic (As) was not detected in any sample. However, Ni
and Pb were detected and ranged from 0.97–4.97 and 14.16–67.11 mg kg−1, respectively,
in various size groups (Supplementary Table S3). Amongst known toxic elements, Cr
(8.1–143.9 mg kg−1) recorded the maximum concentration, followed by Sr (9.2–66.3 mg kg−1),
Cd (0.83–5.1 mg kg−1), Pb (0.97–6.15 mg kg−1), and Co (2.44–11.0 mg kg−1). Fe and Mg
had a major share in total elemental load in all size groups ranging from 62.5%–64.9% and
27.6%–29.3%, followed by Ti, Li, Mn, Ba, and so on (Figure 4). In an earlier study at Kolkata
city [61], Cd, Cr, Cu, Ni, Pb, and Zn in road dust were 3.12, 54, 44, 42, 536, and 159 mg kg−1,
respectively, in road dust of the <600 μm size range. In comparison, a recent study in the
same city reported Fe, Cr, Mn, Co, Ni, Cu, Zn, Ba, Cd, and Pb concentrations in the ranges
of 23.4–59.3 g kg−1, 42–129, 503–1027, 8–18, 18–75, 28–279, 121–1258, 374–1643, 0.28–8.03,
and 77–551 mg kg−1 in <53 μm road dust. In road dust in Bengaluru city in India, the same
elements were reported in similar ranges (16.1–33.2 g kg−1, 25–134, 258–621, 2–20, 9–192,
9–168, 43–617, 431–1921, 0.09–1.26, and 26–97 mg kg−1, respectively) [23]. In a study on the
presence of elements in road dust in Delhi, India, Cd, Cr, Cu, Ni, Pb, and Zn in <75 μm
road dust were found to be 2.65, 148.8, 191.7, 36.4, 120.7, and 284.5 mg kg−1 [4]. The same
study cited Indian soil background values as 0.9, 114, 56.5, 27.7, 13.1, 22.1 for Cd, Cr, Cu,
Ni, Pb, and Zn, respectively [62,63].

 

Figure 4. Cont.
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Figure 4. Percentage share of elements in road dust of various size groups.

With the exception of a few cases, <28 μm size group had a highest average concentra-
tion of the elements than larger size groups of >28–<45 μm, 45–<63 μm, and 63–<106 μm,
while no wide variation in element concentration was apparent within each size group, as
indicated by the coefficient of variation, CV (Table 3). Interestingly, the concentration of
almost all elements except Li declined linearly, albeit to variable extents, with increasing
particle size (Figure 5), indicating a higher association of elements in finer particles. The
decreasing trends showed reasonably steep negative slopes with relatively high R2 values
(Supplementary Table S4). A substantial part of fine road dust is expected to get suspended
in the air due to wind and vehicle movements [8]. Therefore, it is prudent to assess the
potential ecological and health damages from likely exposure to elements attached to the
finer dust.

Table 3. Average elemental concentration (mg kg−1) in size-segregated road dust in Kolkata.

Parameter Cd Cr Co Pb Mn Ni Sr Zn Fe Mg Li Ti Cu Ba

<28 μm 2.68 71.27 9.11 3.53 402.19 38.85 66.32 297.16 14,736.23 8102.92 433.91 475.50 55.66 305.29
SD 0.47 17.49 0.72 0.63 66.02 7.89 4.45 45.02 3543.82 1304.46 20.32 76.35 44.34 78.11

CV (%) 17.62 24.54 7.85 17.74 16.42 20.30 6.71 15.15 24.05 16.10 4.68 16.06 79.65 25.59
>28–<45 μm 2.14 52.62 7.40 2.78 343.83 26.45 49.54 235.03 13,935.24 7380.53 452.82 420.64 38.63 225.50

SD 1.09 33.88 1.05 1.23 107.70 12.61 5.21 73.91 6170.33 1396.06 15.83 59.27 70.12 90.84
CV (%) 50.88 64.39 14.20 44.42 31.32 47.68 10.52 31.45 44.28 18.92 3.50 14.09 181.50 40.28

45–<63 μm 2.24 58.05 9.59 2.91 343.22 40.39 43.62 260.43 15,111.55 7572.23 468.99 375.60 63.00 341.24
SD 0.65 33.76 1.42 0.88 99.34 13.85 6.49 64.95 6404.68 1545.65 13.01 80.23 54.95 86.33

CV (%) 29.23 58.16 14.78 30.22 28.95 34.28 14.87 24.94 42.38 20.41 2.77 21.36 87.23 25.30
63–<106 μm 1.45 30.21 3.47 1.74 237.62 15.37 11.89 94.82 10,965.18 2749.98 502.46 188.52 11.08 66.87

SD 0.70 17.71 1.68 0.86 93.94 12.16 11.94 71.02 5192.17 2406.81 14.08 74.65 41.09 57.35
CV (%) 48.43 58.62 48.51 49.51 39.53 79.12 100.43 74.90 47.35 87.52 2.80 39.60 370.88 85.77

N.B. Average concentration in earth crust is adopted from Taylor, 1964.
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Figure 5. Decreasing trends in elemental concentration with increasing particle size.

3.3. Assessment of Elemental Pollution

The enrichment factors (EF) of elements in size segregated road dust revealed that
Cd and Li had extremely high degree of enrichment. In contrast, the rest of the elements
had significantly lower enrichment factors (Supplementary Table S5). Consequently, the
degree of contamination in different size ranges was very high for Li (175 in <28 μm
to 244 in 63–106 μm) followed by Cd (84 in 63–106 μm to 109 in 28–43 μm). Amongst
other elements, Zn and Cu showed a moderate degree of contamination (Table 4). The
ecological risk was (Ei) estimated for six elements (Cu, Pb, Cr, Ni, Cd, and Zn). Cd posed
the highest ecological risk values, ranging from 125 to 760 in different size ranges. The
rest of the elements showed low ecological risk, ranging from 0.79 for Pb to 22.48 for Cu
(Supplementary Table S6). It is evident from the potential ecological risk index (Ri) that
only Cd posed a significant ecological risk, with Ri ranging from 2518 in 63–106 μm to 3270
in 28–45 μm size range (Table 5).
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Table 4. Degree of contamination (Cdeg) of metals in different size groups in road dust in Kolkata.

Metals
Cdeg

<28 28–43 43–63 63–106

Cd 108.51 109.01 107.08 83.93
Cr 6.61 6.01 6.46 3.23
Co 3.21 2.76 2.99 1.82
Pb 2.37 2.19 2.30 1.73
Mn 3.50 3.23 3.33 2.22
Ni 5.03 4.46 4.17 3.48
Sr 1.26 1.00 0.99 0.71
Zn 33.54 30.16 29.28 18.23
Fe 2.45 2.45 2.68 1.90
Mg 2.78 2.64 2.75 2.02
Mn 2.30 2.24 2.26 1.31
Li 175.37 181.10 209.19 243.59
Ti 0.66 0.61 0.64 0.33
Cu 11.55 11.29 10.26 5.62
Ba 6.80 5.41 6.00 3.41

Cdeg ≤ 8 (low degree of contamination indicated by no highlight), 8–16 (moderate degree of contamination
indicated by light grey highlight), 16–32 (considerable degree of contamination indicated by italics), and >32 (very
high degree of contamination indicated by boldface).

Table 5. Potential Ecological Risk Index (Ri) of individual elements in various size groups in Kolkata.

Metal
Ecological Risk * in Particulate Size Range

<28 28–45 45–63 63–106

Cu 57.75 56.44 51.31 28.09
Pb 11.86 10.95 11.51 8.63
Cr 13.22 12.01 12.92 6.47
Ni 25.14 22.31 20.83 17.41
Cd 3255.15 3270.19 3212.35 2518.02
Zn 33.54 30.16 29.28 18.23

* Elements in a particular size range posing highly strong potential ecological risk are marked with boldface. Rest
are of low potential risk.

3.4. Health Risk Assessment

Non-cancer health hazards from chronic element exposure through road dust to
adults and children via ingestion, inhalation, and dermal contact pathways was assessed
for twelve potentially toxic elements (PTEs, namely, Cd, Cr, Co, Pb, Mn, Ni, Sr, Zn, Fe,
Li, Cu, and Ba) found in the road dust of Kolkata. These twelve elements have well-
established non-cancer health impacts. Four elements (Cd, Cr, Pb, and Ni) have established
carcinogenic health impacts and established slope factors for oral uptake. The cancer
risk from long-term exposure to adults has been assessed for these elements for ingestion
exposure only. This risk assessment was carried out assuming that the soil model applies
to road dust as well. Complete assimilation of taken-up elements into the bloodstream was
also assumed.

Co is the most toxic one among the studied elements, followed by Cd, Li, Cr, and Pb
respectively, indicated by very low RfD values for ingestion exposure. Other elements are
comparatively less toxic. Cd has the highest carcinogenic potential exhibited by the highest
slope factor, followed by Ni, Cr, and Pb, respectively. The health risk assessment results are
presented in Table 6. Non-cancer health risks are indicated by estimated Hazard Quotients
(HQs) for different exposure pathways, and carcinogenic risk values are indicated as
estimated Cancer Risk (CR) values. It was observed in the HQs that for all elements that
the most significant exposure pathway was ingestion. Non-cancer health hazards for all
elements were high for the ingestion pathway, followed by dermal contact and the lowest
via inhalation pathway in adults and children alike. Similar estimates have been reported
in other risk assessment studies from road dust exposure [50,53,64]. They reported HQ
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from the ingestion pathway to be 10 and 100 times more than from dermal contact or the
inhalation pathway respectively. The size range of settled road dust is generally >10 μm.
Here, elements in road dust of <28–106 μm size range were studied. Particulates of >10 μm
diameter are filtered through our nasal follicles while breathing and cannot enter human
lungs or subsequently in the bloodstream. The non-cancer risk of road dust is negligible
for the inhalation pathways for both adults and children. Children have a higher exposure
to road dust than adults, as they spend more time outdoors. Children also have a higher
hand-to-mouth interaction, especially during playtime, leading to even higher exposure
than adults. Moreover, children with lower body weight experience a considerably higher
weight normalized exposure. Consequently, children face a higher risk of non-cancer health
impact from exposure to PTEs in road dust. The dermal contact pathway of exposure
to Fe for children was observed to be considerable. In this study, HQs corresponding to
individual elements have not exceeded unity, indicating that they do not pose significant
non-cancer health risks for adults or children, except for ingestion exposure to Li in the case
of children. The same from exposure to Li can still be considered ‘of concern’ for adults,
while exposure to Fe, Cr, and Co can be regarded as ‘of concern’ for children.

The cumulative HI from all PTEs was estimated to be less than unity (0.58). Therefore,
exposure from target PTEs in road dust may not pose a significant non-cancer health risk
for the city population. However, the same for children was assessed as 3.8, almost four
times the desired HI of unity. Thus, it can be concluded that children are more vulnerable
to the PTEs in road dust and have a significant probability of suffering from non-cancer
health complications. Here, it was assumed that the HIs for different PTEs are additive,
and the synergistic or antagonistic effect of cumulative PTE exposure, if any, has not
been considered.

Among the four carcinogenic elements, Cd, Ni, and Cr posed a significant cancer
risk in more than acceptable limits, i.e., one in a million for the exposed city popula-
tion. This assessment indicates that an inhabitant of Kolkata city has a 5 to 6 times
higher risk of developing cancer upon lifelong exposure to the city road dust. In Kolkata,
1.4 million people, i.e., 31% of the total population, resides in the city slums, most of which
are settled along the roadside walkway or footpath [65]. Their daily chores, including
cooking, sleeping, leisure, etc., occur just adjacent to the city roads. Therefore, they may
have a much-elevated exposure to the road dust and PTEs compared to the rest of the
city population living in better housing. In addition, children residing in slum settlements
are also highly vulnerable to non-cancer health effects, primarily via the ingestion path-
way. Therefore, children would have a higher chance of developing cancer upon lifelong
exposure to road dust if they continue to live in roadside slums.
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4. Conclusions

The nature and characteristics of road dust of Kolkata city have been studied for
size distribution and elemental composition in various size ranges. Road dust collected
from important traffic corridors of the city reveals its typical urban characteristics, despite
site-to-site variation. The predominance of coarse particles (106–212 μm) and a compara-
tively lower share of fine particulates (<28 μm) in Kolkata road dust may be considered
advantageous from and air pollution perspective, as coarser road dust would possibly
have a lower residence in air. Road dust showed a strong presence of coarse dust with
about 83–98% in the sand particle size range. The characteristic size distribution of road
dust varied across various parts of the city as indicated by cluster analysis. Fe and Mg
are the two primary elements dominating the metal composition of road dust with 92%
contribution. Li followed by Cd in the different size ranges of road dust showed the highest
enrichment compared to their abundance in earth crust. Zn showed high enrichment in
fine (<28 μm) fraction, but Cd constitutes only about 0.01% of the metal composition of the
road dust. However, owing to its low concentration in the earth’s crust and high ecological
risk, Cd in road dust of Kolkata is a concern.

Potentially harmful elemental content in the road dust of the city may pose consid-
erable human health risk upon chronic exposure at the prevailing levels. Ingestion was
estimated to be the most significant pathway for exposure for both adults and children.
Exposure to an individual element does not indicate significant non-cancer health risk,
except for exposure to Li for children. The cumulative non-cancer health risk is also not
indicated to be significant for adults. However, the same is about four times higher than
the acceptable level, indicating that children are at risk of non-cancer health impact from
chronic exposure to toxic elements of the city road dust. The city inhabitants have a 5 to
6 times higher risk of developing cancer upon lifelong exposure due to the current level of
three carcinogenic elements, namely, Cd, Ni, and Cr, in road dust. A sizable number of city
populations residing in the roadside slums, including children, are even more vulnerable
to the health impact of road dust exposure.

Regular road sweeping and cleaning remains an important option for local urban
bodies in Kolkata to ensure city roads’ cleanliness. Kolkata Municipal Corporation (KMC)
has street sweeping as one of its primary activities [66], which needs to be fortified in
terms of coverage and frequency, especially in areas with possibilities of substantial human
exposure vis a vis population density. Deployment of vacuum-assisted road sweeping
machines may be a pragmatic way forward for effective cleaning of city streets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/atmos12121677/s1, Figure S1: Particle size distribution of road-dust samples (<28–>2000 μm
size range) collected from different sites in Kolkata, Figure S2: Percentile of particle size distribution of
road-dust (<106 μm) collected from different sites in Kolkata, Figure S3: Plot of empirical cumulative
distribution function (CDF) of average particle size distribution of (a) road dust (<28–2000 m) (b) road
dust (<106 m size range) against a normal distribution plot, Table S1: Summary of non-cumulative
particle size distribution of road dust (<106 μm particle size range), Table S2: Volumetric mean
diameter (VMD), Sauter Mean Diameter (SMD), surface area to volume ratio (Sv) and specific
surface (Sm) area of road dust (<106 μm road dust), Table S3: Metal concentration (mg kg−1) in size-
segregated road dust at different sites in Kolkata, Table S4: Slope of decline in metal concentration
with increasing particle size in size-segregated road dust, Table S5: Enrichment factors of metals and
degree of pollution in road dust with respect to size range, Table S6: Range of Ecological Risk Values
(Ei) of individual metals in different size groups in road dust of various sites in Kolkata.
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Abstract: Studies of gross alpha and gross beta activity in road- and surface-deposited sediments were
conducted in three Russian cities in different geographical zones. To perform radiation measurements,
new methods were applied which allow dealing with low mass and low volume dust-sized (2–100 μm)
samples obtained after the size fractionation procedure. The 2–10 μm fraction size had the highest
gross beta activity concentration (GB)—1.32 Bq/g in Nizhny Novgorod and Rostov-On-Don, while the
50–100 μm fraction size was most prominent in Ekaterinburg. This can be attributed to the presence
of radionuclides that are transferred through natural and anthropogenic processes. The highest
gross alpha activity concentration (GA) in fraction sizes was found in Rostov-on-Don city within
the 50–100 μm range—0.22 Bq/g. The fraction sizes 50–100 μm have a higher gross alpha activity
concentration than 2–10 μm and 10–50 μm fraction sizes due to natural partitioning of the main
minerals constituting the urban surface-deposited sediment (USDS). Observed dependencies reflect
the geochemical processes which take place during the formation and transport of urban surface
sediments. Developed experimental methods of radiation measurements formed the methodological
base of urban geochemical studies.

Keywords: gross alpha activity; gross beta activity urban environment; sediment; size fraction

1. Introduction

There has been a variety of natural radionuclides in the aquatic and terrestrial ecosys-
tems since Earth’s creation. Radionuclides participate in environmental processes such
as weathering, sedimentation, resuspension, etc. [1]. Consequently, many studies have
measured radionuclide concentrations in various environmental matrices, such as the crust,
rocks, sandy beaches, building materials, and the atmosphere [2–4].

Natural radionuclides in minerals and raw materials of natural origin are constantly
emitted ionizing radiation that can be exposed to human beings and biota [3,5]. Naturally
occurring radioactive materials (NORMs) have resulted from human activities that increase
human exposure to Earth’s crust radionuclides and can therefore be found in water, air,
food, building materials, and the human body [4,6–8]. Radiation hazards are from external
and internal exposure to these radioactive isotopes. External exposure is associated with di-
rect gamma radiation emitted from the isotopes in the U and Th series, as well as from 40K.
Internal exposure is caused by the inhalation of inert radioactive gases radon 222Rn, thoron
220Rn, and short-lived radioisotopes of their progeny [9,10]. Some artificial radionuclides
may be present in the environment (such as 137Cs and 131I), such as in Chernobyl [11,12]
and due to nuclear weapons testing and nuclear accident. Monitoring of any release of
radioactive materials to the environment is necessary for the protection of the environ-
ment; for example, if NORM content exceeds the typical background radiation levels, it is
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therefore essential to evaluate what precautions should be taken, if any. Additionally, it is
suitable to identify the sources of radionuclides, the transportation into the environment,
and their migration [13].

In the urban environment, processes such as weathering, soil erosion, as well as an-
thropogenic impacts on the surfaces produce essential amounts of sediment consisting of
grained material of different origin [14,15]. Sediment can deposit in various urban land-
scape zones and form urban surface-deposited sediment (USDS) which play a significant
role in shaping the urban environment [16].

Measuring the gross alpha and gross beta concentration in urban environmental
compartments have become increasingly important due to concerns about radioactive
environmental contamination through natural and anthropogenic activities resulting in
human exposure [17,18]. The objective of the present work is to study the concentration of
gross alpha and gross beta activity in size-fractionated samples obtained from the USDS in
three Russian cities: Ekaterinburg, Rostov-On-Don, and Nizhny Novgorod. An essential
feature of the applied measurements methods is the possibility to detect alpha and beta
emitter content in samples of a small amount (mass and volume) of fractionated material.

2. Materials and Methods

2.1. Description of the Surveyed City
Description of Investigated Cities

The samples of USDS were collected in three Russian cities: Ekaterinburg, Nizhny
Novgorod, and Rostov-on-Don [19]. These cities have a continental climate and are located
in different geographical zones. The investigated cities are described in Table 1.

Table 1. Description of the investigated cities.

Parameter Ekaterinburg Nizhny Novgorod Rostov-on-Don

Area 495 km2 460 km2 348.5 km2

Population 1,468,833 1,259,013 1,130,305

Main rivers Iset Oka and Volga Don

Latitudes and longitudes 56◦50′ N, 60◦35′ E 56◦19 N, 44◦00 E 47◦14′ N, 39◦42′ E

Temperature in July
(night/day) ◦C 14/24 14/24 18/29

Temperature in January
(night/day) ◦C −15/−9 −11/−5 −5/−0.1

Climate Temperate continental Humid continental Moderate continental, steppe

Geographical region Eastern slope of the
Middle Urals

Valley of the Volga and
Oka rivers Valley of the Don river

Geology Ural Mountains Alluvial river sediment Alluvial river sediment

Main industries

Productions of machinery,
metal processing,

metallurgical production,
chemical production.

Production of machinery and
river shipping

Productions of machinery,
river shipping, food industry.

2.2. Sampling Procedure

Approximately 1.5–2 kg of the representative samples of USDS were collected from
the surfaces where they were deposited in relatively significant amounts. The samples were
put into plastic vacuum bags directly after collection to prevent them from atmospheric
moisture. The drying process was carried out under room temperature for one week. Then,
two sieving process, decantation and filtration, were performed, which are referred to as
wet sieving. Through these processes, the samples were sieved into small-sized fractions
which represented dust-sized fractions (2–10 μm, 10–50 μm and 50–100 μm). Dry sieving
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for the remainder of the sample was used to fractionate into large-sized elements, which
represented fine sand (100–250 μm and 250–1000 μm) and coarse sand (size > 1000 μm)
size fractions. The separation by dry and wet sieving is described in Test Method WA
115.1-2017 [20,21].

2.3. Measurement of Gross Beta Activity

The method of GB measurements in solid sand and dust samples of low mass (1–10 g)
was developed by [11]. For detecting the GB activities, a low background radiometer
detector (BDPB-01) was utilized. A plastic scintillation detector with 60 mm diameter and
a photomultiplier tube was inserted into a special plastic container. A lead stabilization
system of the measuring path was used, which simultaneously enabled testing of the whole
path when operating, to promote stability in the disclosure unit. The detection system
was shielded by the lead to prevent any external radiation which would impact the beta
measurements. The sieved fractions of each sample were weighed and settled in a planchet
2 cm in diameter and 0.6 cm in height. Before the detection of beta in the samples, an
empty planchet was assessed for the same counting time using the detector to estimate the
background count rate. This process was repeated where the average value of background
count rate was 0.017 cpm for beta particles. The GB activity concentration (Bq g−1) in the
USDS size fractions was computed via the following formula:

Aβ =
Ic − IBG

ε(m)·m (1)

where Ic represents the count rate of beta (s−1), IBG refers to the background beta count
rate (s−1), m is the weight of the fractionated sample (g) and the efficiency of detector
identified with ε(m) which depends on m (s−1/Bq). The calibration of the detection system
is described elsewhere [11].

2.4. Gross Alpha Measurement Method

The method of GA measurements in solid grained samples of low mass (about 5 g)
was developed by [22]. First, the applied detectors are calibrated using a monazite sample
with a known thorium activity concentration (190 ± 15% Bq/g). Twenty-four LR-115
(2.5 × 2.5 cm2) detectors were exposed in direct contact with the monazite sample with a
known thorium activity concentration (190 ± 15% Bq/g) for 40 min. After irradiation using
the calibration source, the etching process began under standard procedures: a chemical
NaOH solution with normality 2.5 N at 50 ◦C for 2 h [23–25].

After that, a spark counter was employed to register the alpha tracks density in LR-115
films. The calibration factors k, (track cm−2 min−1/ Bq g−1) for the LR-115 films was
computed via Equation (2):

k =
ρt

Am t
(2)

For the GA measurements in the fractionated USDS samples, The LR-115 films
(2.5 × 2.5 cm2) were exposed in contact with the fractionated sample (approximately
5 g) and were placed in the hole with a 2 cm diameter for 90 days. During the exposure
time, the samples were stored in an accumulation chamber ventilated with fresh air with
a low radon concentration where the α particles were released from the radionuclides
(238 U, 232 Th and their decay progenies) and formed alpha tracks on the LR-115 film. At
the end of exposure time, the LR-115 films were collected and etched under the standard
procedures mentioned above. After that, the spark counter was employed to register the
alpha track density in LR-115 films. Unexposed LR-115 films were etched and counted via
the spark counter to estimate the background alpha track density in the detectors. The GA
activity concentration values were estimated by Equation (3) [26]:

A =
ρt

k t
(3)
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The uncertainty values were computed for the obtained results and found to be
approximately 5% and 3% for GB and GA, respectively. Furthermore, the minimum
detectable activity (MDA) values for LR-115 detectors can be computed as follows:

MDA =

√
Nb + 2.7

Tε
(4)

where Nb represents the number of background count rate, T is the exposure duration, and
ε is the detector efficiency. The values of MDA were 0.03 Bq/g, obtained using the Curie
standard method [27]. For SSNTDs, the MDA values depend only on the exposure period.

2.5. Chemical Analysis

The chemical analysis of the USDS fractionated samples was performed for other
studies. The methods of the chemical analyses applied in these studies are described
elsewhere [19,20].

The chemical analysis was conducted in the laboratory of the Institute of Industrial
Ecology, UB RAS (Ekaterinburg, Russia). Certified methodologies and accreditation by the
Russian System of State Accreditation Laboratories of the Institute of Industrial Ecology
Chemical Analytical Center provided the quality control for the measurements. The solid
fractionated sample was digested utilizing HNO3, HClO4, and HF, pure for analysis [28,29].
Then, the prepared sample solution was analyzed using inductively coupled plasma mass
spectrometry (ICP-MS) to detect element concentrations, in particular, U and Th content.

3. Results

The descriptive statistics of gross alpha activity concentration (GA), gross beta ac-
tivity concentration (GB), and uranium and thorium contents in the USDS dust fractions
(2–10, 10–50 and 50–100 μm) of Ekaterinburg, Nizhny Novgorod, and Rostov-On-Don
are presented in Table 2. As can be seen in Table 2, there is a tendency of variation of
radioactive parameters depending on the USDS fractions and the city. The statistical
significance of the difference was studied between radioactive parameters for the size
fractions in the same city, as well as between the different cities. Due to a low num-
ber of measurements of GA which is associated with difficulties of measurements in
low-volume samples, the tendencies obtained in GA are insignificant (p > 0.1). The
dependencies of GB on the size fractions and geographical location are more reliable.
The differences between the average GB values in Ekb and RND in size fraction 2–10 μm
and 50–100 μm are significant, as is that between Ekb and NN in size fraction 50–100 μm
(p < 0.05). Analysis of variances confirmed the size fraction and city of sampling as
factors influencing the GB (p < 0.05).

It is clear that the highest values of GA in the investigated fractions were found in
the fraction size 50–100 μm, while the lowest values were observed in the fraction size
2–10 μm for all studied cities. The GB activity concentrations reached the maximum values
in the fraction size 50–100 μm for Ekaterinburg, and 2–10 μm for Nizhny Novgorod and
Rostov-On-Don. Table 2 presents the chemical compositions obtained in the fraction size;
the U and Th content values varied in between various fraction sizes in the investigated
cities where the highest U and Th content average values were detected in Ekaterinburg
within the fraction size 50–100 μm, and Rostov-On-Don within 10–50 μm, respectively.
The minimum average values were recorded in Rostov-On-Don within 50–100 μm and in
Ekaterinburg within 2–10 μm, respectively. The distribution of the radioactive parameters
is plotted in Figure 1.
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Table 2. Descriptive statistics for the gross alpha activity concentration (GA), gross beta activity concentration (GB), U
content (ppm) and Th content (ppm) in the USDS size fractions (μm).

City Descriptive
Parameters

GA (Bq g−1) GB (Bq g−1) U (ppm) Th (ppm)

2–10 10–50 50–100 2–10 10–50 50–100 2–10 10–50 50–100 2–10 10–50 50–100

Ekaterinburg

Athematic
Mean 0.11 0.13 0.17 0.71 0.93 1.28 1.46 2.03 2.33 4.94 4.45 4.58

Geometric
mean 0.1 0.12 0.16 0.61 0.67 0.93 1.22 1.48 1.66 2.14 2.74 2.67

SD 0.06 0.02 0.04 0.43 0.86 1.13 0.80 1.40 2.05 2.30 2.34 2.30

Max 0.18 0.15 0.20 1.72 3.20 5.30 2.90 5.16 8.26 7.02 8.65 8.11

Min 0.06 0.11 0.12 0.28 0.15 0.20 0.31 0.08 0.17 0.14 0.10 0.10

n 3 4 4 10 23 24 12 14 14 12 14 14

Nizhny
Novgorod

Athematic
Mean 0.13 0.13 0.17 1.32 0.99 0.72 1.28 1.98 1.92 3.54 5.12 4.53

Geometric
mean 0.09 0.12 0.16 0.90 0.91 0.70 1.16 1.92 1.70 2.51 4.86 4.36

SD 0.11 0.06 0.04 1.15 0.27 0.16 0.59 0.56 1.63 2.19 1.50 1.20

Max 0.20 0.20 0.21 4.15 1.58 1.10 2.74 3.92 10.92 9.25 7.67 7.14

Min 0.05 0.08 0.13 0.30 0.05 0.39 0.56 1.44 1.24 1.06 2.52 2.30

n 2 4 3 12 32 35 22 34 34 22 34 35

Rostov On
Don

Athematic
Mean 0.15 0.19 0.22 0.95 0.90 0.69 1.52 1.94 1.97 4.64 7.45 7.35

Geometric
mean 0.14 0.18 0.20 0.88 0.85 0.65 1.45 1.93 1.96 3.84 7.39 7.23

SD 0.04 0.07 0.11 0.33 0.33 0.23 0.51 0.21 0.22 2.89 0.95 1.33

Max 0.18 0.26 0.37 1.69 2.34 1.24 2.79 2.33 2.59 9.78 8.96 10.04

Min 0.10 0.12 0.14 0.21 0.36 0.40 0.67 1.59 1.49 1.08 5.45 4.11

n 3 3 4 31 30 34 17 26 35 17 26 35

Figure 1. The variation of GA and GB within the fraction sizes 2-10, 10-50 and 50-100 μm in the investigated Russian cities.
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4. Discussion

The detection of GA and GB in the urban environment is an indication of the presence
of radionuclides in urban sediments [11]. As clarified from Figure 1, the GA and GB in
Ekaterinburg within all fraction sizes had the same natural and anthropogenic origins.
Figure 1 illustrates the influence of natural and anthropogenic factors which may be
depicted by the results of the GA and GB. The chemical analysis illustrated that USDS
contains uranium and thorium, which was higher in the fraction 50–100 μm than in the
fractions 2–10 and 10–50 μm in the cities under study. Thus, the GA may be attributed
to natural radionuclides in the environment such as uranium, radium, thorium and their
decay products [30]. Increasing uranium and thorium content led to increases in the GA
activity concentration in the USDS fractions. Moreover, the potassium-40, radium, and
decay products were the main beta emitters in the urban sediments. Among the artificial
products, agricultural fertilizer, which contains natural radionuclides, led to the increment
of potassium (including isotope 40K) content in USDS fractions [31,32].

The geology of the studied cities can impact the GA and GB in the various fraction
sizes. In Ekaterinburg, the geological features are mainly established by the Ural Mountains,
while the geologies of Nizhny Novgorod and Rostov-on-Don are related to the alluvial
processes of rivers.

Furthermore, the presence of alpha and beta radioactivity can be explained by the mi-
gration and transportation of radionuclides from rocks and soils to the urban environment
via various pathways such as rainwater, wind, and traffic emissions.

For instance, the correlation between radioactive components of fraction sizes in
Ekaterinburg was studied via Pearson’s correlation and is presented in Table 3. Strong
correlation between GA and GB is obvious, as well between U content (0.99) and Th
content (0.74) in the fraction size 2–10 μm. This means the GA and GB are contributed
from the same natural and anthropogenic sources. For the fraction size 10–50 μm, the GA
and GB were linked with the anthropogenic sources, where the GA changed with GB in
opposite directions. The natural sources of fraction sizes 50–100 μm possessed radioactive
components; however, the U and Th content changed in opposite direction with the GA.

Table 3. Pearson’s correlation between radioactive components of fraction sizes in Ekaterinburg.

2–10 GA GB Th U

GA -
GB 1 * -
Th 0.74 −0.14 -
U 0.99 0.22 0.78 -

10–50 GA GB Th U
GA -
GB −0.98 -
Th 0.38 −0.49 -
U 0.31 −0.38 0.90 -

50–100 GA GB Th U
GA -
GB −0.60 -
Th −0.93 0.06 -
U −0.95 0.15 0.66 -

* 3 sample with GA is available.

The main industries in Ekaterinburg are the production of machinery, metal pro-
cessing, metallurgical production, and chemical production. In Nizhny Novgorod, main
industries are the production of machinery and river shipping. Finally, in Rostov-On-Don,
productions of machinery, river shipping, and the food industry are dominant.

Domestic emissions, the weathering of facades and pavement surfaces, and the pre-
cipitation of previously suspended particles (atmospheric aerosols) are also sources of
pollution in residential areas [33–37]. This shows that the GA and GB reflect the migration
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and transportation of radionuclides in the urban environment and potentially harmful
elements through wind, traffic emissions, and industrial activities from one urban area to
others and are closely linked to the examined fraction sizes.

5. Conclusions

New methods developed for the measurements of GA and GB in low mass and low
volume samples of natural origin were applied to assess the radioactivity of the USDS. The
results of the performed measurements were compared with early obtained measurements
of the total U and Th concentrations in the same cities. The analysis allows us to draw the
following conclusions:

1. Such natural radionuclides as U, Th, their decay products and 40K present in the USDS;
2. Obtained values of GA and GB are generally associated with radionuclides of natural

origin. The main sources of natural radioactivity in the urban environment are
geological formations and building materials;

3. Natural radionuclides participate in the sedimentation processes and can be found
in the sedimentation material in each city independently of climate, geographical
location, and industrial development;

4. The radioactivity of fine sand and dust fractions can contribute to population radiation
exposure in cases of significant resuspension of urban dust by wind and vehicles.
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Abstract: Environmental pollution is a negative externality of urbanization and is of great concern
due to the fact that it poses serious problems to human health. Pollutants, such as heavy metals,
have been found in urban road dust; however, it is unclear whether the urban form has a role in its
accumulation, mainly in cases where there is no dominant unique source. We collected 482 samples
of road dust, we determined the concentrations of five heavy metals (Cr, Cu, Pb, Zn, and Ni) using
inductively coupled plasma optical emission spectrometry (ICP-OES), and then we derived the
pollution load index (PLI). After estimating the mostly anthropogenic origin of these pollutants based
on global levels of reference, there were two main aims of this study. Firstly, to analyze the spatial
correlation of heavy metals, and secondly, to identify the main factors that influenced the heavy
metal concentrations in the road dust of Mexico City. We did this by using a spatial autocorrelation
indicator (Global Moran’s I) and applying ordinary least squares (OLS) and spatial regression models.
The results indicated low levels of positive spatial autocorrelation for all heavy metals. Most variables
failed to detect any relationship with heavy metals. The median strip area in the roads had a weak
(significance level of 90%) but consistent positive relationship with Cr, Cu, Ni, Pb, and the PLI.
The distance to the airport had a weak (significance level of 90%) and inverse relationship with Pb.
Manufacturing units were associated with an increase in Cu (significance level of 95%), while the
entropy index was associated with an increase in Ni (significance level of 95%).

Keywords: road dust; heavy metals; Mexico City; urban pollution; urban form

1. Introduction

The world is becoming increasingly urban. In the developing world, Latin America
has already achieved this transition toward an urbanized society. For example, in Mexico,
it is estimated that 80% of the population lives in urban areas [1]. The capital, Mexico City,
along with its metropolitan area, concentrates around 17.5% of the country’s population
and has over 40,000 industries and 4 million vehicles that consume more than 40 million
liters of fossil fuels per day, releasing, as a result, thousands of tons of pollutants into the
urban environment [2]. Environmental pollution is one of the main negative externalities of
huge urban agglomerations, especially in the developing context where weak institutions
and planning efforts aggravate the problem [3].

Air pollution has attracted a great deal of attention, as it is considered one of the
main causes of death in cities [4]; therefore, air pollution has been widely researched.
Less attention has been paid to road dust pollution [5]; however, we assume that they
are likely interlinked. Research reported that road dust is a sink for polluting emissions,
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which are deposited on the surface of streets, sidewalks, and windows [6]. At the same
time, road dust is a source of pollutants of atmospheric particulate matter [7]. Studies
found that urban structure factors, such as land use, industrial development, and building
construction, worsened the pollution in urban areas [8,9]. From a social point of view,
aspects such as tax revenue and education level are associated with a decrease in urban
pollution [9]. In terms of country-level data, researchers have tested the environmental
Kuznets curve (EKC) hypothesis, which states that the relationship between gross domestic
product (GDP) per capita and different environmental indicators exhibit an inverted-U
curve [10,11].

Heavy metals are some of the major pollutants found in road dust [12–14]. Due
to their abundance, toxicity, persistence, and bioaccumulation, heavy metals can cause
permanent damage to ecosystems and humans [15]. The severity of health problems due to
heavy metal toxicity depends on several factors, such as the type and form of the element,
the route and duration of exposure, and to a greater extent, the susceptibility of each
person [16]. Low concentrations of non-essential heavy metals (As, Hg, Pb, Cr, and Cd)
can be lethal to animals. In Mexico City, the median levels of lead in children’s blood were
found to be close to the reference level for public health interventions (5.0 μg/dL) [17].
Prenatal lead exposure has been associated with a decrease in child growth [18]. Even
essential metals (Zn, Cu, and Ni), required for the proper function of different enzymes,
can become toxic in high concentrations, inducing the generation of reactive nitrogen and
oxygen species. This can result in the peroxidation of lipids, as well as the functional
deterioration of DNA and proteins [19]. Nickel diminishes the protection that taurine
provides against neurodegeneration [16].

The sources of heavy metals in road dust can be diverse. In some cities, the origins are
very specific to major stationary emitting sources; for example, the smelting industry [13],
e-waste recycling [20,21], and mining activities [22]. Natural processes may also be the
cause of an increase in the concentrations of trace metals [23]. Using pollutant-tracing
approaches, mobile sources of heavy metals have also been identified, such as vehicular
emissions [24]. It is considered that Cu, Pb, Zn, and Cr are traffic-related metals [25–27].
The quantities emitted vary, but some metals can be linked to specific vehicle parts. For
example, Cu emissions are generally related to brake abrasion [28,29]; Zn is mainly emitted
by tire wear [25], as well as from diesel exhaust emissions [27]. Some Zn compounds are
used as additives for motor oil [30]. In the case of Cr, this metal can originate from exhaust
emissions [26]. Pb can come from brakes and the loss of lead wheel weights [27]; Cr and Pb
have been reported to originate also from yellow street paint which contains lead chromate.
Paint and pigments crack, peel, and turn to chalk, mobilizing metal particles into the urban
environment [31,32]. Ni can come from mixed industrial/fuel-oil combustion [30].

In cities with an economy mostly related to the service sector, there are multiple
small and scattered possible sources, which can be mobile or fixed. Therefore, it is vital
to determine what characteristics of the urban form act as driving factors of heavy metal
pollution in road dust to obtain a better understanding of the cycle in the city. This
would bring insights to help plan measures that limit the exposure of the population to
these pollutants.

This work goes beyond the description of heavy metals in urban road dust. To the
best of our knowledge, this is the first attempt to make systematic statistical inferences
regarding the characteristics of the urban form that could influence the concentration of
heavy metals in urban road dust. In this paper, we respond to two main questions: (1) Is
there a spatial correlation in the heavy metal contents of points sampled across Mexico
City? (2) What are the main factors that explain the distribution and concentration of heavy
metals in urban road dust? The first question is addressed by applying the Moran’s I spatial
correlation test to the heavy metal concentrations, and the second question by using linear
regression models to analyze the relationship between heavy metals and the urban form.
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2. Literature Review

There have been several approaches to evaluate the effects of the built environment on
urban pollution, mainly in the air and taking the city as the unit of analysis. Liang et al. [9]
in the Beijing–Tianjin–Hebei urban agglomeration, using a geographically weighted re-
gression model, found that the rate of urbanization, the formation of metropolises, and the
level of economic and industrial development, as well as building and road construction
aggravate the environmental pollution (measured as an index for air, soil, and water pollu-
tion).

Predictors associated with a decrease in urban pollution include the industrial level,
tax revenue, education level, and the use of the internet. Implementing taxes to protect the
environment promotes the modernization of highly polluting industries, while an increase
in resident incomes promotes a shift in the regional economy to low-pollution, knowledge-
based industries. An improvement in the educational level drives environmental protection
technology, improving the environmental quality.

Jung et al. [8], in Korea, applying a Bayesian spatial regression model, found that
the total population, the commercial area, the industrial area, the total area, and the gross
domestic product per person are factors associated with worse air pollution (nitrogen
oxides, sulfur oxides, PM10, and PM2.5). Zhang et al. [33] in Calgary, Canada, using a
land-use regression model, found that the main factors that increased the heavy metal
concentrations in airborne particulate matter were industrial point sources.

Industrial and commercial zoning, as well as traffic indicators and population density,
were also good predictors for most elements. In the case of specifically addressing the
pollution by heavy metals in road dust, Alharbi et al. [14] compared the spatial distribution
in two metropolitan cities (a typical corridor city and a compact city) of Saudi Arabia.
They found that centrality was an important factor for determining the spatial distribution
of heavy metals in road dust, which increased in concentration gradually toward the
city center.

In Mexico City, research demonstrated that greenhouse gas emissions, caused by
commuting, can be reduced by increasing the mix of residential and economic uses, as
well as concentrating jobs near employment centers and economic activity corridors [34].
Studies determined that the sources of heavy metals in the urban road dust in Mexico City
must be anthropogenic [35]. Therefore, we hypothesized that factors related to industrial
land use, mixed land-use, and job density could be related to the concentrations of heavy
metals associated with traffic, like Pb, Cu, and Zn. We hypothesized a negative association
with the urban vegetation cover assuming a depuration effect.

3. Study Site

The Mexico City metropolitan area had a population of around 21,000,000 inhabitants
in 2015 and was among the four largest urban agglomerations in the world [36]. The
metropolitan area is formed by the urban areas of three states: Mexico City, the State of
Mexico, and Hidalgo. Mexico City comprises mostly the central and south parts of the
metropolitan area. The metropolitan area is located in a valley at 2240 m.a.s.l. The unique
topography, with mountains surrounding the metropolis, results in thermal inversions
preventing the dispersion of pollutants during the winter season from November to April.

Sierra del Ajusco’s mountains in the southwest prevent the passage of the prevailing
winds (northeast to southwest direction) and, thus, the dispersion of pollutants [37]. The
land use geography in Mexico City is complex, but as a general description, Rodríguez-
Salazar et al. [38] stated that the main industrial center, with a high population density, is
located in the northern part of the city. The central part includes the historical and business
center of the city, with high commercial activity.

The southern area has been dominated by residential and commercial activities. It
was in the 1980s with the liberation of the economy that a process of absolute and relative
deindustrialization related to the global economy began in the metropolis [39]. Factories
were obligated to settle beyond the limits of Mexico City (formerly called the Federal
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District) and the consolidation of light manufacturing began; overall, the tertiarization of
the economy led to commercial and services activities beginning to dominate the economy
in the city [40].

4. Materials and Methods

4.1. Data Collection

We collected 482 road dust samples associated with 482 sampling points for this
study in a semi-grid pattern of approximately 1-km-wide squares across the urban area
of Mexico City (Figure 1). The project was executed only within this political jurisdiction
given that this was a project funded by the government. Thus, this sampling can be
considered systematic, which covered the urban and peri-urban parts of the city. The
collection of samples was done during the dry season in April and May (30 days) of
2017. The atmospheric conditions were stable; the temperature was between 15 and 20 ◦C,
with winds in a north to south direction and speeds between 4 and 8 km/h [41]. During
the sample collection campaign, there were no rains. All samples were collected under
the same conditions: in a square meter of area on the pavement, below the sidewalk,
the distance from the pedestrian area was between 0 and 1 m. All samples were taken
in horizontal streets and without sedimentary traps (holes or potholes) to avoid biases.
Because the sampling was systematic, the distance to the traffic lights was not considered.
The urban road dust was sampled by brushing it from a 1 m2 area at each point. The dust
load in each sample point is defined as the amount of dust (<250 μm) per area of street
space—in this case, 1 m2—after the coarse material is removed [42,43]. Particles of less
than 250 micrometers are most likely to adhere to hands and therefore be involuntarily
ingested [44]. This particle size can be easily obtained in the laboratory using a sieve, which
is very useful when analyzing a large number of samples.

The concentrations (mg/kg) of 14 elements were determined via inductively coupled
plasma optical spectrometer (ICP-OES), which is a methodology used previously to this
end [20,45,46]. However, only the most polluting metals identified in a previous study [47]
were considered in the present work. Those elements were Chromium (Cr), Copper (Cu),
Nickel (Ni), Lead (Pb), and Zinc (Zn). The concentrations were determined by digesting
0.4 g of each sample with 20 mL of concentrated HNO3, using Teflon PFA beakers, in an
ETHOS Easy microwave digestion system (Millestone Inc, Milan, Italy). The temperature
was brought to 175 ± 5 ◦C in approximately 5 min and was kept for 4.5 min. After cooling,
the digested samples were filtered with Whatman No. 42 paper, transferred into 50 mL
flasks, and graduated with water type A (US-EPA method 3051A). Quality controls for
the acid digestion method included reagent blanks and sample duplicates. The quality
assurance and quality control (QA/QC) results showed no signs of contamination or loss
in any of the analyzes. An Agilent Technologies 5100 ICP-OES (US: EPA method 6010C),
sourced from Santa Clara, CA, USA, was used to analyze, in triplicate, the digestions and
quality controls. A multi-elemental QCS-26R reference certified material was used (high
purity brand) to prepare the calibration curve. The radiofrequency power (RF power) was
1.2 kW, the nebulization flow was 0.7 L/min, and the argon plasma flow was 12.0 L/min.

The pollution load index (PLI) was calculated as the geometric average of the Cr,
Cu, Ni, Pb, and Zn results divided by their corresponding background value [48]. The
contamination factors were obtained by dividing the concentrations of each heavy metal
at each sampling point by the background value. We used the world background values
for soils [49], which were obtained by determining heavy metal concentration in soils
from places with the least anthropic disturbance possible. A PLI value close to 1 indicates
that the heavy metal load was close to the naturally occurring level, while a PLI > 1
indicates contamination [48,50]. In Table 1, we can see the descriptive statistics of the
dependent variables. The concentration of Pb in one sample was below the detection limit
(Pb = 3.75 mg/kg). We took that limit as the Pb content in the sample because the statistical
analysis requires numerical variables.
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Figure 1. The study site and sampling point locations.

Table 1. The descriptive statistics of the heavy metal concentrations (mg/kg) in the 482 road dust samples.

Heavy Metal Global 1 Background Minimum Maximum Median Mean Standard Deviation

Cr 59.5 15.0 441.0 43.7 51.4 34.3
Cu 38.9 6.2 847.1 81.2 99.7 75.8
Ni 29 13.7 148.7 35.0 36.3 13.9
Pb 27 8.8 1907.8 101.2 128.2 134.6
Zn 70 18.7 4827.6 229.9 280.7 294.4
PLI 2 0.3 6.3 2.0 1.9 0.8
Dust load 3 5.4 173.3 43.0 46.4 23.2

Note: 1 Kabata-Pendias (2011); 2 unitless; 3 Amount of dust <250 μm in 1 m2 of the street (g/m2).

Different explanatory variables were measured at each sampling point (Table 2). The
population density was measured as inhabitants per hectare at the census tract level using
the 2010 census data from the National Institute of Statistics and Geography [51]. The
population density can determine the intensity of various socioeconomic activities that
worsen air pollution [8]. Job density considered the number of jobs per hectare within the
traffic analysis zone (TAZ) according to the 2017 Household Origin-Destination Survey [52].
Jobs were estimated according to the number of trips to work to a certain TAZ.
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Table 2. Descriptive statistics of the covariates in the analysis. n = 482.

Covariate Minimum Maximum Median Mean
Standard
Deviation

Population density (hab/ha) 0.0 443.1 132.4 139.8 81.1
Job density (jobs/ha) 4.2 349.7 30.0 43.9 50.7
Street intersections 0.0 162.0 38.0 45.4 29.2
Road surface (m2) 2922.8 99,909.4 47,475.6 47,196.8 15,477.1
Distance to the airport (m) 803.2 25,424.3 12,792.8 12,571.7 5329.5
Distance to the city center (m) 633.9 24,361.9 10,304.1 10,977.3 5245.1
Manufacturing units 0.0 377.0 13.0 15.5 21.1
Potentially polluting units 0.0 24.0 1.0 1.4 2.7
Gray area (ha) 0.0 15.7 0.0 0.3 1.4
Entropy index 0.0 0.8 0.3 0.3 0.2
Vegetation (%) 0.0 65.6 5.5 10.0 11.9
Distance to vegetation (m) 0.0 329.3 22.0 40.2 48.2
Median strip area (m2) 0.0 67,855.0 1498.0 4531.3 8161.5
Marginalization index −1.4 1.3 −0.7 −0.7 0.5

Note: A minimum value of zero is expected when the covariate is not present at any of the road dust sampling
points.

For the rest of the covariates, we considered a 300 m ring buffer around each sampling
site. Street intersections were identified using the street network shapefiles from the official
geostatistical framework [51], and, with the network analysis tool in ArcGis 10.0, we
counted all intersections within the buffers. The road surface was estimated using this
same layer. Street classification is not consistent between the municipalities of Mexico City;
thus, for simplicity, we assumed three types of roads and their dimensions: local streets as
7 m wide, intermediate roads as 15 m wide, and highways as 25 m wide. We propose that
this classification produces a conservative estimation of the road surface in each buffer.

Based on the 2014 urban geostatistical framework, we calculated the total area of
polygons corresponding to large concrete surfaces, such as civil airfields, malls, markets,
aviation tracks, and electrical substations. We called these surfaces “gray areas”. The
median strip area, which is usually covered with vegetation, was estimated using this same
dataset, which has polygons explicitly categorized with this name, road median strip. The
distance to the city center was calculated using the Euclidean distance (the straight line
that connect two points assuming there are no obstacles in the space) from each sampling
point to the historical center of downtown (also called Zócalo-Tenochtitlán).

The distance to the airport also considered the Euclidean distance to the Benito
Juarez International Airport. The number of manufacturing units in each buffer was
calculated based on those classified by the North American industry classification system
in 2018. The number of potentially polluting units considered the economic units related to
mining, construction, and pipelines in the National Statistical Directory of Economic Units
(Directorio Nacional de Unidades Económicas, DENUE) [53].

We calculated the entropy index as a measure of the land-use mix, considering the
relative percentages of different land-use types within an area. The entropy index varied
from 0 to 1, with 0 indicating a homogeneous area with only one land-use type, and the
mix level increasing as the index increases. Here, Pj is the percentage of each land-use type
j in the area, and k ≥ 2 is the number of land-use types j.

ENT = −
[

k

∑
j=1

Pjln
(

Pj
)]

/ln(k) (1)

The entropy index was calculated using information from the publicly available urban
data website “Portal de Datos de la Ciudad de México” [54]. Each land-use polygon was
georeferenced as a data point, and information about the land use type and the area was
provided. Thus, all polygons whose centroid lay within the 300 m buffer were considered
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in the estimation. There were 113 categories of land-use descriptions, and two categories
were excluded (no zoning—“sin zonificación”—and existing uses—“usos existentes”).

Then, the 111 categories were simplified to six general categories: (1) green areas,
parks, open spaces, and agricultural areas; (2) residential; (3) office and commercial; (4)
industrial; (5) mixed-use; and (6) institutional and public facilities. The official information
did not provide concrete and clear definitions of the 111 initial categories; thus, a series of
assumptions were made in the collapsing process. For example, land use corresponding
to residential and low-scale retail was considered residential. It is very common that, in
middle and low-income neighborhoods, small-scale retail coexists with residential uses.

Every original category that includes office and services, was counted in category 3.
The mixed-use category included all polygons that were explicitly considered as this on the
website as well as those centers of traditional towns and suburbs called “Centros de Barrio”.
Different land uses, such as residential, commercial, office, and open spaces, converge in
these places. The column open area was used for those polygons lacking information about
their area. Other corrections were made through a visual inspection on Google Earth for
polygons with an important area within the buffer but not initially taken into account when
their centroid was not within the buffer.

We calculated the mean normal difference vegetation index (NDVI) in each buffer
zone from satellite images (March to May 2017) obtained from Planet Scope for Mexico
City to estimate the urban vegetation. A supervised classification was made from the
NDVI raster file in the QGIS version 3.4 software, using the “Semi-automatic Classification
Plugin” tool. Two classes were determined: (1) vegetation, for the highest NDVI values
(>0.6); and (2) no vegetation or the remainder of the urban area. Subsequently, the results
of the classification were transformed into a shapefile to obtain the vegetation polygons
and to calculate their area.

The vegetation polygons intersecting the buffers were summed up to obtain the total
area of vegetation within each buffer. Finally, the total vegetation area was divided by the
buffer surface and multiplied by 100 to obtain the percentage of vegetation present in each
buffer, referred to here as “vegetation (%)”. Another variable related to vegetation is the
Euclidean distance from the sampling point to the closest vegetation polygon. Finally, as a
measure of the socioeconomic characteristics, the index of marginalization was extracted at
the census tract level for each sampling point. This index can have negative and positive
values; the highest positive values correspond to the highest levels of marginalization [55].

We considered local variables as those related to characteristics of the immediate
urban environment that surrounds the sample point. Examples of these are population
density, percentage of vegetation, and the number of potentially polluting units. On the
other hand, regional variables were those that characterize a sample with respect to a
metropolitan point of reference. Examples are the distance from the city center, and the
distance to the airport.

4.2. Spatial Autocorrelation

The univariate spatial autocorrelation was examined using Moran’s I statistics for
global measurements of spatial dependence [56]. The formula for standard correlation is
expanded to incorporate a spatial weight matrix. Thus, its formula is defined as:

I =
n
So

∑n
i=1 ∑n

j=1 wi,jzizj

∑n
i=1 z2

i
(2)

where n is the number of sample points indexed by i and j, Zi is the deviation of an attribute
(in this case, the heavy metal content) for point i from its mean, Wi,j is the spatial weight
between point i and j, while So is the aggregate of all spatial weights.

We defined neighbors as those spatial units within a specific distance threshold. For
this analysis, we tested different thresholds of contiguity (1600, 5000, 10,000, and 15,000 m).
All neighbors were weighted equally and then row standardized. This means that it
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depends on the number of neighbors to determine the final weight, as the larger the
number, the lower the weights.

The range of Moran’s I varies with the weights matrix, but it is usually expected to
vary from −1 to 1. The sign corresponds to the type of autocorrelation, i.e., positive or
negative. Values close to 1 indicate high spatial autocorrelation while values close to zero
mean null spatial autocorrelation. The Moran’s test for spatial autocorrelation uses the
spatial weights matrix and tests the null hypothesis statement of ‘no spatial autocorrelation’.
In other words, the alternative hypothesis is if the Moran’s I is greater than zero. Then, a
p-value lower than 0.05 means there is strong evidence to reject the randomization null
hypothesis in favor of an alternative hypothesis. We used the function “moran.test” of
the R Project program to test the spatial autocorrelation. These results were compared
with a Moran Monte Carlo permutations test and also using an inverse distance criterion
to determine weights for neighbors. These results were relatively consistent with the
moran.test function.

4.3. Regression Models

When two variables are close to a perfect linear combination of one another, it is called
collinearity. Thus, when more than two variables are involved, it is called multicollinearity.
This represents a problem when applying linear regression models given that it can result
in unstable regression estimates with high standard errors. Variance inflation factors (VIF)
measure how much the variance of the estimated regression coefficient is inflated by the
existence of correlation among the predictor variables. The general rule of thumb is that
VIFs exceeding 4 warrant further investigation, while VIFs exceeding 10 signify serious
multicollinearity requiring correction. Thus, the variance inflation factor (VIF) was used to
test the multicollinearity between the factors.

Ordinary least squares (OLS) regressions were tested for all response variables, i.e.,
the heavy metals contents. Due to a lack of normality evaluated through the Shapiro test,
all covariates and dependent variables were log-transformed using a natural logarithm.
Some variables with zero values were transformed using the natural logarithm of 1+x. An
OLS model can be described in the form:

Y = βX + ε (3)

where Y is the dependent variable, X is the independent variable, and β its coefficient. If
we consider several covariates, then we have a vector of X and β. Finally, ε is the error
term. Coefficients of log-log regression models can be interpreted in the following way,
given a coefficient in the form “0.X”. We expect about X increase in heavy metal content
when the covariate increases by 10%.

After that, a spatial diagnostic of the OLS residuals was applied to select the appro-
priate spatial regression model for each of these dependent variables [57,58]. There are
two main sources of spatial dependence: (1) spatial diffusion, which occurs when spatially
proximate units are influenced by the behavior of their neighbors. This was modeled via
a Lagrange multiplier spatial lag model (LMlag), estimated by the maximum likelihood;
and (2) the geographic clustering of covariates, also called attributional dependence. This
was modeled via a spatial error model (LMerror), estimated either with the maximum
likelihood or with the generalized method of moments.

The Spatial lag model takes the form:

Y = βX + ρWy + ε (4)

Here, to the OLS equation it is added a W term that stands for the spatial weights
matrix and the ρ coefficient.

In the case of the Spatial error model, this takes the form:

ε = λWε+ v (5)
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We can see that this model is related to the error term, where W is also the spatial
weights matrix, it is included the lambda coefficient and v is an uncorrelated additional
error term.

Lagrange multiplier diagnostics for spatial dependence in R use the regression object
and the object of neighbors and weights. In the case of the Spatial lag model, we test for a
missing spatially lagged dependent variable, in other words, the null hypothesis is that
rho = 0. In the case of the Spatial error model, the null hypothesis is that lambda (λ) = 0.
The first step was to run the non-robust LMlag and LMerror diagnostic tests, the results of
which can lead to three different paths: (1) if none of these diagnostic tests are statistically
significant, then the OLS estimates are sufficient to model the dependent variable; (2) if only
one of the diagnostics determined the presence of spatial dependence, the corresponding
model was estimated; (3) if both diagnostic tests were significant, then both the robust
LMlag and the robust LMerror diagnostics were tested, and the model with the largest
value was used [58]. All the statistical analyses were done with the R Studio program,
version 3.6.1.

5. Results

The median concentrations of the heavy metals were higher than the global back-
ground value in the soils, except for Cr. In the case of Ni, the median concentration is only
6 units above the global background level. Indeed, 91.5% of the samples had a pollution
load index (PLI) greater than 1 (median=2) (see above Table 1). We propose that this is an
important indication of the anthropogenic origin of the heavy metals found in the road
dust from Mexico City. The dust load varied considerably from 5.4 to 173.3 g/m2. As it is
very difficult to control aspects related to the deposition of dust in the points of sampling,
we decided to work with the heavy metal concentrations instead of the total heavy metal
contents as dependent variables.

The mean concentrations of the heavy metals reported here are lower than those
reported in a previous study in Mexico City (sampling in 2011) [35]. Even though there
are not yet maximum permissible levels in urban road dust, the content of heavy metals in
the samples is fortunately still lower than the closest regulation, i.e., the content of heavy
metals in soils from residential areas. Therefore, it is important to continue monitoring
for long-term fluctuations to avoid an increase in these pollutants and prove the good
performance of the environmental policies.

5.1. Spatial Autocorrelation

Moran’s I was significant for Cr only at a vicinity distance of 5000 m; however, the
coefficient of autocorrelation was only 0.03. Therefore, a general pattern of clustering was
not expected (Table 3). Cu had a significant Moran’s I at all vicinity distances, but, again,
the coefficient was very small. Moran’s I for Ni became significant at a distance of 10,000 m
and was even more significant at 15,000 m; however, the coefficient was only 0.01.

Contrary to Ni, Moran’s I for Pb was significant at short distances (1600 and 5000 m),
but, again, the coefficients were smaller than 0.1. Zn had a significant Moran’s I at all
distances, except at 5000 m, with the coefficient smaller than 0.1. Moran’s I for the PLI was
significant at all distances, and it was greater than 0.1 at 1600 m; hence, a general pattern of
clustering could be expected at a short vicinity distance. The dust load had a significant
Moran’s I at all distances; thus, the coefficients (and consequently the autocorrelation)
decreased as the distance increased.

As the global Moran’s I was very close to 0 for all heavy metals, indicating low levels
of positive spatial autocorrelation, it was not necessary to explore the local version of
this index to identify any spatial clustering pattern. This is an initial sign that the local
aspects are more relevant than any regional process in determining the concentrations of
these metals.
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Table 3. The global Moran’s I and test of statistical significance at different vicinity distances (1600, 5000, 10,000, and
15,000 m).

Variable 1600 m p-Value 5000 m p-Value 10,000 m p-Value 15,000 m p-Value

Cr 0.05 0.07 0.03 0.00 *** 0.00 0.41 0.00 0.72
Cu 0.08 0.00 ** 0.05 0.00 *** 0.02 0.00 *** 0.01 0.00 ***
Ni 0.00 0.11 0.02 0.06 0.01 0.01 * 0.01 0.00 ***
Pb 0.06 0.02 0.03 0.00 ** 0.00 0.14 0.00 0.49
Zn 0.06 0.01 * 0.01 0.14 0.01 0.01 * 0.01 0.00 ***
PLI 0.13 0.00 *** 0.06 0.00 *** 0.02 0.00 *** 0.01 0.00 ***
Road dust load 0.18 0.00 *** 0.16 0.00 *** 0.10 0.00 *** 0.04 0.00 ***

* Significance at 95% confidence, ** 99% confidence, and *** 99.9% confidence.

In Table 4, we can see the p-values of the diagnostic tests of the OLS residuals. All
non-robust tests were non-significant. In the case of the robust versions, for Cu, Ni, Zn, the
PLI, and the dust load, the tests were also non-significant, which indicates that OLS is a
suitable modeling approach. For Pb, the spatial error model was significant (alpha at 5%);
thus, for this metal, the results of the spatial error regression model were analyzed.

Table 4. p-values of the diagnosis of the ordinary least squares (OLS) regression residuals.

Test Cr Cu Ni Pb Zn PLI Dust Load

Lm (lag) 0.11 0.15 0.51 0.51 0.89 0.65 0.50
LM (error) 0.06 0.24 0.75 0.14 0.56 0.47 0.24
Robust LM (lag) 0.11 0.35 0.14 0.07 0.31 0.50 0.18
Robust LM (error) 0.06 0.65 0.17 0.02 * 0.24 0.38 0.10

* Significance at 95% confidence.

5.2. Factors Influencing the Heavy Metal Concentrations

The VIF indicators were below 4.3 for our vector of covariates, which indicates a low
risk of multicollinearity that could bias the coefficient estimations. Overall, there were
few significant relationships between the covariates and the heavy metal concentrations,
including the road dust load (Table 5). Population density had a null association with all of
the heavy metals, which indicates that the number of people in the surroundings of the
sample point was not relevant to explain the presence of our dependent variables.

Table 5. Results of the ordinary least squares regressions.

Covariate
Cr Cu Ni Pb

beta p beta p beta p beta p

Intercept 4.94 0.00 *** 3.64 0.03 * 3.30 0.00 *** 6.76 0.00 **
Population density
(inhabitants/ha) 0.00 0.98 −0.03 0.40 −0.02 0.36 0.03 0.49

Job density (jobs/ha) −0.04 0.46 0.11 0.10 . −0.01 0.76 0.04 0.61
Street intersections 0.02 0.71 −0.06 0.49 0.02 0.63 0.01 0.93
Road surface (m2) −0.07 0.48 0.03 0.85 −0.07 0.35 −0.09 0.59
Distance to the airport (m) −0.06 0.38 0.05 0.57 0.10 0.06 . −0.18 0.11
Distance to the city center (m) 0.01 0.87 −0.04 0.71 0.02 0.79 −0.03 0.84
Manufacturing units 0.04 0.34 0.10 0.04 * 0.02 0.37 0.07 0.27
Potentially polluting units 0.08 0.12 −0.03 0.62 −0.02 0.58 0.00 0.96
Gray area (ha) 0.00 0.97 0.08 0.45 0.05 0.43 −0.03 0.81
Entropy index 0.02 0.93 -0.17 0.46 0.37 0.01 ** 0.15 0.60
Vegetation (%) −0.01 0.82 −0.03 0.60 −0.05 0.10 −0.01 0.90
Distance to vegetation (m) −0.01 0.68 0.02 0.53 −0.03 0.21 0.01 0.84
Median strip area (m2) 0.01 0.10 . 0.02 0.09 . 0.01 0.09 . 0.02 0.08 .

Marginalization index −0.01 0.67 −0.01 0.80 0.01 0.80 −0.06 0.26
r2 −0.01 0.06 0.02 0.05
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Table 5. Cont.

Covariate
Zn PLI Dust Load

beta p beta p beta p

Intercept 2.98 0.07 . 0.59 0.62 8.13 0.00 ***
Population density
(inhabitants/ha) −0.02 0.59 -0.01 0.77 −0.01 0.81

Job density (jobs/ha) 0.08 0.22 0.04 0.43 −0.16 0.01 **
Street intersections −0.11 0.16 -0.02 0.69 0.09 0.25
Road surface (m2) 0.23 0.09 . 0.00 0.98 −0.30 0.02 *
Distance to the airport (m) 0.03 0.76 −0.01 0.84 −0.06 0.44
Distance to the city center (m) −0.03 0.78 −0.01 0.86 −0.03 0.79
Manufacturing units 0.08 0.10 0.06 0.08 . −0.04 0.43
Potentially polluting units −0.03 0.65 0.00 0.99 0.12 0.05 .
Gray area (ha) 0.05 0.60 0.03 0.69 −0.01 0.91
Entropy index −0.15 0.51 0.04 0.79 0.39 0.07 .
Vegetation (%) −0.04 0.43 −0.03 0.46 −0.13 0.00 **
Distance to vegetation (m) 0.03 0.37 0.01 0.84 0.01 0.77
Median strip area (m2) 0.01 0.21 0.01 0.04 * 0.01 0.28
Marginalization index −0.04 0.29 −0.02 0.41 0.02 0.51
r2 0.07 0.04 0.10

beta is the slope; p represents the p-value; . Significance at 90% confidence, * 95% confidence, ** 99% confidence, and *** 99.9% confidence.

Job density had a weak positive association (significance level of 90%) with Cu. How-
ever, there was not any significant relationship with the rest of the metals. Our initial
expectation was that in places with high job density, the heavy metal concentrations would
be high due to an increased number of trips to work and, therefore, increased levels of
polluting emissions. Thus, the association found between job density and Cu supports our
initial hypothesis since the emission of this metal from vehicles has been associated with
tire wear and brake abrasion [29] With the dust load, job density had a significant inverse
association (significance level of 99%). We could expect about a 1.6% increase in the dust
load when the job density decreased by 10%. This could be explained if we consider that
employment centers in Mexico City are related to tertiary types (offices and commerce) that
are not necessarily highly polluting activities. These workplaces tend to be better cared for
and cleaner than lower-class areas.

The street intersections variable was not significant with any metal. The initial ex-
pectation was that this variable could represent the emissions of heavy metals due to car
braking, with the higher the number of street intersections representing higher braking
frequency. However, the braking emissions are likely not large enough to be detected
through street intersections.

The road surface had a weak positive relationship with Zn (significance level of
90%). The emissions of Zn from vehicles have been associated with the combustion of
lubricating oil [30], tire wear [25], and diesel exhaust emissions [27]. Therefore, this result
supports the expectation that the road surface is a suitable proxy variable for traffic flow as
a determinant of Zn in the road dust. On the other hand, there was a significant inverse
association between the road surface and the dust load (significance level of 95%). We
could expect about a 3% increase in the dust load when the road surface decreased by 10%.
These surfaces are likely maintained and cleaned as brigades of cleaning workers sweep
the larger roads.

The distance to the airport had a positive but weak relationship with Ni (significance
level of 90%). Higher concentrations of this metal were found further away from the airport;
therefore, the airport might not be an important source of this metal. An inverse weak
association (significance level of 90%) was found for Pb and the distance to the airport
in the spatial error model (Table 6). The coefficient tells us that we could expect about
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a 2% increase in the Pb content when the distance to the airport decreased by 10%. Our
hypothesis is that tire wear in the aircraft take-off and landing could emit dust particles
containing Pb. In the case of the distance to the city center, there was a null association
with the other heavy metals.

Table 6. Spatial error model results for Pb.

Covariate
Pb

beta p

Intercept 7.12 0.00
Population density
(inhabitants/ha) 0.03 0.41

Job density (jobs/ha) 0.03 0.68
Street intersections 0.01 0.88
Road surface (m2) −0.10 0.56
Distance to the airport (m) −0.19 0.08
Distance to the city center (m) −0.05 0.68
Manufacturing units 0.08 0.19
Potentially polluting units 0.00 0.96
Gray area (ha) −0.01 0.94
Entropy index 0.17 0.54
Vegetation (%) 0.00 0.95
Distance to vegetation (m) 0.01 0.87
Median strip area (m2) 0.02 0.08
Marginalization index −0.06 0.20

AIC 757.01
Note: AIC (Akaike Information Criterion), lower AIC value suggest a better fit.

Manufacturing units had a positive significant association with Cu with an alpha level
of 5%. We could expect about a 1% increase in Cu when manufacturing units increased by
10%. It is very likely that behind this variable there are a variety of chemical processes in the
manufacturing; therefore, there could be several sources of Cu from these processes as well
as traffic-related emissions. The relationship with PLI was also positive but less significant
(significance level of 90%). Potentially polluting units failed to show any association
with the heavy metals. This means that possible major pollutant units were not properly
identified with our variable. Thus, other alternatives must be tackled in future research
such as the use of other classification schemes to differentiate potentially polluting units
from the whole census of economic units. Only in the case of the dust load was there a
positive significant association at the 90% significance level. Thus, these units are associated
with an increase in dust, but are not associated with an increase in the heavy metal content.

The gray area variable also failed to detect any association with the heavy metals.
Our initial expectation was that this variable could be related to heavy metals due to
the polluting emissions of activities related to large concrete surfaces (markets, aviation
tracks, and electrical substations). The null association of the gray areas could be due
to the huge diversity of activities considered in the covariate. The entropy index had a
positive relationship at the alpha level of 5% with Ni. We could expect about a 4% increase
in Ni when the entropy index increased by 10%. A high entropy index means a similar
proportion of the six land uses considered; thus, these places could have a variety of
potential sources of Ni together, such as sites of fuel combustion.

There was also a weak positive relation (alpha level of 10%) of the entropy index
with the dust load. The difficulty in obtaining a clear relationship between the land-use
covariates and heavy metal contents in urban dust in México City could be related to the
tertiary-oriented economy. We assume that mobile sources of traffic emissions would be
more relevant but also more difficult to trace. In the case of air pollution, industrial point
emissions have been identified as the source of pollution, such as in the studies of Zhang
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et al. [33] in Alberta, Canada, and Jung et al. [8] in Korea, where commercial and industrial
areas were associated with increased particulate matter pollution.

The percentage of vegetation in the buffer and the distance to the closest vegetation
spot failed to show any association with the heavy metal content. In the case of the former,
there was a significant negative association (significance level of 99%) with the dust load,
which indicates that vegetated areas tended to have less dust but not necessarily a higher
heavy metal content. The median strip area had a weak (significance level of 90%) but
consistent positive relationship with Cr, Cu, Ni, Pb, and PLI. This led us to hypothesize
that these areas may act as sinks of pollution in the roads, acting as places of heavy metal
accumulation. For example, during the sweeping of the road, the dust may be dumped
there. The positive relationship between the median strip area and Pb remained for the
spatial error model at the alpha level of 10% (Table 6).

Initially, we considered the median strip area part of the vegetation area because it
frequently has a vegetation cover. After testing the initial models, the previous vegetation
area covaried positively with Pb and Cr. That result was unexpected, and we therefore
decided to separate the components of the vegetation covariation and, finally, identified
that only the median strip area was positively related to Cr, Pb, Zn, and the PLI. It will be
important to untangle the relationship between heavy metals and the median strip area
to define the best way to manage such areas. It is important to clarify that covariates of
urban form do not necessarily represent specific detailed sources of heavy metals. They
represent general characteristics (places) of the urban environment where these pollutants
could be being emitted or places of concentration (sinks of pollution (from other mobile or
fixed sources of pollution)).

Finally, there was no differential exposition to heavy metals according to the socioeco-
nomic status of households, as we found a null association with the marginalization index.
The good news is that road dust is not an important source of exposure to Pb for those in
low-income areas, as they are at higher risk of developing health problems [59]. However,
attention should be paid to keep the streets clean, because marginalized areas tended to be
dustier than middle-income and affluent areas.

The study of the relationships between the urban form and heavy metals is incipient;
further investigation is needed to develop a conceptual framework that guides the devel-
opment of more robust models. The present study is an exploratory analysis in this sense,
and we tested the group of covariates that we considered the most relevant. Although
some of these variables did not show any association, the inclusion was supported by a
deep reflection of what we considered could be the route of heavy metals in the urban
environment.

The study of temporal variation in the short term is also important to design better
sampling processes that minimize and control the effects of potential confounding factors.
For example, natural cleaning mechanisms, such as rain and air currents, and the different
practices of street sweeping. From a methodological point of view, we propose to test
smaller buffers, which might be at 100 or 150 m around the sampling points, since the
characteristics of the immediate surroundings are very important. A better characterization
of the urban form might also benefit from more consistent and refined publicly available
data regarding the urban environment. The characterization of the local urban environment
is key to devising the sampling strategy. Further research lines also include the application
of other modeling approaches and inter-city comparisons to test if the phenomena studied
here present similar behavior in cities of different sizes and economic conditions. Further-
more, we suggest the inclusion of covariates related to atmospheric processes as well as
covariates with more detailed georeferenced data about emission sources.

6. Conclusions

According to the global Moran’s I, there were low levels of positive spatial autocorre-
lation in all the heavy metals analyzed. We interpret this as an indication of the greater
relevance of the local aspects over regional processes as determinants of the heavy metal
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content in urban road dust. Any mapping exercise based on statistical interpolation would
not be reliable. A lack of major unique sources of these pollutants could also cause a lack
of spatial autocorrelation. In our regression exercise, the most striking finding was that
the median strip area in urban roads had a weak but consistent positive relationship with
Cr, Cu, Ni, Pb, and the Pollution Load Index. Other significant positive relationships
were found for Cu with the manufacturing units, and Ni with the entropy index. More
disaggregated indicators would be relevant to unveil the nature of these associations.

Certain variables failed to show any association with the heavy metals, such as the
population density, street intersections, distance to the city center, gray area, distance to
vegetation, and marginalized areas. Other variables that failed to be associated with heavy
metals but showed an association with the dust load were the potentially polluting units
(significance level of 90%) and vegetation (significance level of 99%), positive in the former
and negative in the latter. The job density (significance level of 99%) and road surface
(significance level of 95%) significantly reduced the dust load as well. For Pb, the spatial
error model showed the correct specification, unlike the other metals where OLS was found
to be appropriate. In this model, distance to the airport had a weak (significance level of
90%) and an inverse association with Pb. This presents an important suggestion to consider
this place as a potential source of this metal in urban dust.

Thus, we can conclude that some features of the urban form, as described above, are
important drivers of heavy metal pollution in the road dust. A better understanding of
how road dust pollution is associated with the urban form will be important to design
measures that mitigate the exposure of people to those pollutants.
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Abstract: Background: Sediment deposition in the urban environment affects aesthetic, economic,
and other aspects of city life, and through re-suspension of dust, may pose serious risks to
human health. Proper environmental management requires further understanding of natural
and anthropogenic factors influencing the sedimentation processes in urbanized catchments. To fill
the gaps in the knowledge about the relationship between the urban landscape and sedimentation,
field landscape surveys were conducted in the residential areas of the Russian cities of Ekaterinburg,
Nizhniy Novgorod, Rostov-on-Don, Tyumen, Chelyabinsk, and Murmansk. Methods: In each city,
six elementary urban residential landscapes were chosen in blocks of multi-story apartment buildings
typical for Russian cities. The method of landscape survey involved delineating functional segments
within the elementary landscapes and describing each segment according to the developed procedure
during a field survey. Results: The complexity of sedimentation processes in the urban environment
was demonstrated. The following main groups of factors have significant impacts on sediment
formation and transport in residential areas in Russian cities: low adaptation of infrastructure to a
high density of automobiles, poor municipal services, and bad urban environmental management in
the course of construction and earthworks. Conclusion: A high sediment formation potential was
found for a considerable portion of residential areas.

Keywords: urban sediment; urban landscape; sediment transport; municipal service; earthworks;
environmental management

1. Introduction

A growing proportion of the planet’s population now resides in urban areas, and urbanization
has become one of the key drivers of environmental processes in the Anthropocene [1–3]. Further
enlargement of cities and urban agglomerations has been a significant trend in recent decades [4].
Geochemical transformation in the urban environment consists of modifications to the mineral and
elemental composition and physicochemical properties of the urban soil [5–7], changes in the volume
of the surface stormwater runoff [8], redistribution of pollutants [9,10], and forming geochemical
barriers [11,12], among others. Given the complex interactions of nature, people, and the technosphere
in cities, the development of a scientific basis for urban environmental management is a priority for
humanity at the present stage of global development. Proper management of cities should ensure that
they are ecologically, economically, and socially more sustainable places to live in the future [13,14].

Studies conducted in different regions demonstrated that contemporary sedimentation processes
play a significant role in shaping the urban environment. Unlike natural landscapes, an intense
anthropogenic impact on exposed surfaces supplies significant amounts of sedimentary material in
the urban environment. As a result, the typical yield of sedimentation material in urban watersheds
exceeds the rate of this process in natural and agricultural landscapes by an order of magnitude [15,16].
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Due to their own physicochemical characteristics and the ability to carry various organic and
inorganic toxicants, sediments deposited in streets and roads are characterized as a non-point source of
pollution. Sediment deposition in urban areas has received considerable attention in recent years due
to the ease of sampling of sediment material, and its potential to act as a proxy for urban pollution and
an indicator of emissions of potentially harmful elements [17,18]. Many authors have noted elevated
concentrations of heavy metals in road and sidewalk sediment [19–21]. Recently, contamination with
microplastics [22] and organic compounds [23] was observed in urban wetland sediment samples.

The urban sedimentary system is a significant part of global waste and pollution transport, thereby
changing the chemical composition and mineral content of streams, rivers, seas, and oceans [24–26].

Re-suspension of road dust by the wind or traffic-induced turbulence is an important source
contributing to particulate atmospheric pollution [27,28]. Various pollutants present in urban sediment
and suspended PM may pose serious risks to human health. Exposure to PM has been linked to
increased mortality, and a wide range of diseases in several organ systems—in particular, cardiovascular
and pulmonary diseases [29–31].

Particles of biological origin may be suspended in the air as attached to dust particles [32,33].
Evidence for the potential environmental sources of bacterial and viral species associated with airborne
PM was provided in microbiome surveys in Beijing [34]. Acosta-Martínez et al. [35] reviewed
studies of the microbial characteristics of wind-eroded sediments and distinguished microorganisms
predominant in dust-sized sediment prone to removal by longer-range suspended transport and
those more likely to be locally redistributed by saltation flux. Gardner et al. [36] suggested that
dust-borne microorganisms can only affect human health if a combination of factors coincides with
pathogenesis—in particular, inhalation of a substantial amount of dust occurs. Human exposure
to environmental microbiota, including potentially opportunistic microbes carried indoors by dirt
attached to shoes, was demonstrated in Finland [37].

Hong et al. [38] independently studied health effects of PM2.5 (combination of biomass smoke,
industrial emissions, and vehicular exhaust gas) and PM10–2.5 (combination of sea salt, fugitive
agricultural emissions, windblown crustal dust, and road dust) in British Columbia, Canada, and found
statistically significant associations between the coarse fraction and non-accidental mortality during
the spring season. Hong et al. [38] concluded that springtime road dust is of particular interest for
health risk assessment in colder climates where snow can collect materials over the winter months.

Besides the health effects, sediment deposition in the urban environment affects aesthetic, economic,
and other aspects of city life. Sedimentation is accompanied by the accumulation of dirt and dust
over the urban surfaces, which reduce the quality of the urban environment. A high level of sediment
accumulation in the urban landscape causes a negative perception of the environment by citizens.
The negative aesthetic effects include the deterioration of the appearance of residential areas and
objects of the urban landscape, buildings, vehicles, etc. Regular sediment supply increases costs
for municipal services such as cleaning and stormwater system maintenance [11,39–41]. Siltation of
stormwater systems, compaction of urban soils, lower fertility of the topsoil, etc., affect the urban
infrastructure [10,42,43]. The accumulation of solid substances on street and sidewalks increases the
wear and tear of vehicles, clothes, and shoes [44,45]. As dust deposits on insulators, pollution control
is required to prevent electricity line outages [46].

In natural and agricultural systems, sedimentation starts with the detachment of soil particles due to
soil erosion caused by wind, rainfall, and water flow. The rate of soil erosion is strongly dependent upon
soil type, vegetation, and such topographic characteristics as slope, land use, etc. [35,47]. Part of eroded
soil is deposited in different sub-areas of a catchment before it reaches the catchment outlet [47–49].
Sediment storage in catchments causes a discrepancy between estimates of catchment sediment erosion
and sediment yield [48,50]. Sediment budget and the ratio of sediment yield to total surface erosion
(sediment delivery ratio) characterize catchment sediment cascades [49–51]. Quantification of the
sedimentary cascade, including the internal dynamics of sediment supply, transport, and storage in
various catchments, may be performed through analysis of sediment connectivity between different
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landscape compartments, which has become a key interdisciplinary concept in the study of processes
acting both in natural and human-impacted hydro-geomorphic systems [8,51–53]. As sediment
connectivity is hardly measurable, indices and classification schemes (high/moderate/low) have been
proposed for the investigation of connectivity drivers [51,53]. Study of connectivity within a catchment
may be performed by means of a field survey of erosion, transport, and deposition signs that can be
visually observed (rills, local deposits, splash pedestals, flow lines, etc.) [54].

Some specific factors have to be considered in studies of erosion, sedimentation,
and anthropogenic-derived sediment deposition in urban environments [11,44]. The sources of
nearly all sediments in urban areas are engineering materials and urban soils exposed to erosion [44].
Large proportions of urban areas are fully protected by the impermeable cap provided by buildings,
roads, and other structures [44]. Runoff from impervious onto pervious surfaces produces concentrated
flow paths and increases lateral connectivity in the urban landscape [8,41]. Urban pervious surfaces
are potentially more erodible than is natural due to concentrated runoff, bare soil (e.g., construction
and landscaping), and unstable slope conditions (e.g., earthworks) [12,55]. Construction is considered
as a major source of sediment supply in the urban environment [56,57]. Accelerated erosion due to
construction-related activities was observed in Korea [58], China [59], the USA [57,60], Brazil [61],
and other countries. Mechanical sediment removal (extraction) by human activity (street sweeping,
cleaning out of the stormwater network, sediment control at construction sites, etc.) is another specific
feature of the urbanized landscape [60,62,63]. Comparing the urban sediment budget and natural
catchment conditions, Russel et al. [41] concluded that urban catchments have specific extraction fluxes,
higher hillslope erosion, less storage, and higher transport capacities than natural sediment cascades.
Generally, sediment yields in urban catchments increase by an order of magnitude in a period of
development and then remain higher than in natural and agricultural landscapes [16].

Historically, such terms as “street dirt,” “street dust,” “road dust,” and “road deposited sediment”
were used to define urban sediment as an object to control or study in different situations. The term
“street dirt” was used in the context of street cleaning [62]. The term “road dust” implies fine, fugitive,
and respirable material and can be applied in studies of dust suspended in the air [64]. However,
this term is not appropriate for urban sediment that has shown to be composed of a full range of
particle sizes [11,65]. Road-deposited sediment has become an important environmental sampling
medium for assessing anthropogenic metal levels [19,66]. The term “urban sediment” refers to urban
environmental sedimentology and it is applied in a broader manner to mean any sediments present
within the urban environment [11,18].

The urban environment is considered as a separate landscape type that has been formed as a result
of human activities and further develops under the influences of natural, human, and socio-cultural
factors. The urban landscape accommodates natural (biotic and abiotic) and artificial components,
such as buildings, engineering, and transport structures. The study of landscape heterogeneity
was shown to be beneficial to evaluate various natural and anthropogenic processes in the urban
areas, e.g., PM pollution [67,68], biodiversity [69,70], heat island effect [71], social behavior [69,72],
and ecosystem services [73]. Like other urban-related processes, sediment formation, transport,
and surface deposition are closely linked to landscape properties such as geomorphology, landscape
connectivity, land cover, and land use [47,50–52,74,75].

The intrinsic heterogeneity of urban landscapes has been taken into account only in a few studies
of the urban sediment. Russell et al. [76] considered the following land cover categories within the
urban and sub-urban catchments in Melbourne: roofs, impervious areas, grass surfaces, gravel surfaces,
and areas with low sediment connectivity. Land cover mapping for nine street-scale stormwater
catchments (average area about 1700 m2) was undertaken, using aerial imagery and field inspection.
In the study based on the coarse-grained sediment sampling, it was obtained that most of the sediment
was supplied by impervious surfaces and small-scale construction areas [12]. Construction sites
and unpaved roads were identified as two major contributors to fugitive dust emission in Nanjing,
China [77]. In Stockholm, Sweden, the dust load varies between streets and is dependent on pavement
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surface properties [64]. A study of the peri-urban catchment in Coimbra, Portugal pointed out that most
of the catchment sediment is derived from small parts of the catchment subject to the constructional
activity or active landscape change [78].

To summarize, we can say that a comprehensive understanding of the complex interactions
of natural and anthropogenic factors in the sedimentation processes in heterogeneous urbanized
catchments has not yet been achieved. In particular, it is important to analyze different parts of
the urban landscape as potential sources and sinks of urban sediment, to estimate the total value
and variability of urban sediment deposition over residential areas, to assess large-scale sediment
connectivity, to reveal anthropogenic factors specific in different regions, etc. The aim of this study is to
fill the gaps in the knowledge about the relationship between the urban landscape and sedimentation
processes. The factors influencing the processes of sediment supply, its further wash off, sediment
migration, and the accumulation of urban sediment in residential areas were qualitatively studied by
means of landscape surveys in large Russian cities. The novelty of this research is associated with
the potential to reveal significant micro-landscape characteristics and factors by applying high spatial
resolution field study.

2. Experiments

2.1. Descriptions of the Studied Cities

The study was conducted in six Russian cities located in different climatic and geographical zones
(Table 1 and Figure 1). The southernmost city was Rostov-on-Don (47◦14′ N); the northernmost was
Murmansk (68◦58′ N). The average January and July temperatures in the surveyed cities range from
−15 to −3 and from 12.8 to 23.4 ◦C, respectively. Of the six cities surveyed, four have populations
of more than 1 million people. The most populated is Ekaterinburg (about 1.5 million people),
while 0.3 million people live in the least populated, Murmansk. All the cities are the administrative
centers of their regions and play significant socio-economic roles. Ekaterinburg, Chelyabinsk, Nizhniy
Novgorod, and Rostov-on-Don are major centers of industry, transport, and engineering. In Murmansk,
the main economic focus is associated with the seaport (ship repair, fishing, fish processing); Tyumen is
largely oriented towards oil refining. Three cities lie in the valleys of large rivers (Nizhniy Novgorod,
Rostov-on-Don, and Tyumen), two cities (Ekaterinburg and Chelyabinsk) are located in the foothills of
the Ural Mountains, and one city (Murmansk) occupies hills along a sea bay.

Figure 1. The locations of cities studied.

The municipalities’ budgets for the year 2018 ranged from 26.5 to 46.2 thousand rubles
(approximately 400–750 USD) per citizen. The relatively large size of the city budget of Murmansk is
due to its location in the Arctic region and high transport expenses. Among the other cities, the largest
budget in 2018 was in the city of Tyumen, whose economy is related to the oil and gas industry.
In other cities, the per capita budget was 20–30% less.
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2.2. Description of the Surveyed Sites

Multi-story apartment buildings are the main type of residential development in all cities.
The residential districts consist of microrayons, which were the primary structural element of urban
residential area construction in the former Soviet Union (Figure 2). The development of microrayons
was mainly made up of blocks of apartment buildings of the same type. A group of apartment
buildings (part of a block) with a common front yard and courtyard (back yard) including an adjacent
part of a street was chosen as an elementary urban residential landscape (EURL). Such decomposition
of the urban residential district, where EURL represents the minimal urban landscape element
(micro-landscape), reflects typical apartment block development in Russia.

Figure 2. Typical structure of a residential area in a Russian city. (a) City’s residential area;
(b) Microrayon; (c) Block of buildings; (d) EURL.

A two-stage, semi-random procedure was used to select sites for the field landscape survey in
each city. In the first stage, 30 typical EURLs were selected in different geographical areas associated
with various historical periods of city development. Then six sites were chosen randomly from the list
of 30 EURLs in each city.
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2.3. Method of the Field Landscape Survey

Preliminary site plans were created based on city maps, satellite images, and street view images
available on Google maps and Yandex maps services. The field surveys of the selected sites were
performed in accordance with the developed protocol. In the first step, the preliminary site plan was
split into disjointed segments providing particular functions or services within the EURL. The segments
were assigned to one of the main functional zones:

• Road (a section of the street road network connecting residential areas, and public and industrial
areas of the city);

• Green zone, including areas with pervious cover: lawns, flower beds, and playgrounds with a
grass cover;

• Sidewalks and adjacent pedestrian paths;
• Vehicle zone (driveways connecting courtyard spaces with the road network, parking spaces,

and illegal parking places that are areas of other functional zones illegally used for parking).

Additionally, sports grounds and communal service zones can be found in the EURLs.
The front yard and adjacent street, which are supposed to experience significant loads from

vehicles and people, are considered as external parts of the EURL. A courtyard area separated from the
street was considered as an internal part of the elementary urban landscape. As a rule, the courtyard is
isolated by residential buildings, a fence, driveways, or landscape units. Each segment can be assigned
to either the external or internal parts of the EURL.

After the site segmentation, the following characteristics and indicators were analyed for each
segment during field inspection:

• Functional purpose (functional zone);
• Association with external or internal parts of the EURL;
• Type of surface cover, paving (asphalt, gravel, grass, etc.);
• Percentage of disturbed surface cover (expert’s evaluation);
• Overall technical condition of the paving and infrastructure element (five-point expert’s evaluation);
• Quality of the cleaning (five-point expert’s evaluation);
• The number of parked cars;
• The number of parking spaces;
• Presence and type of earthworks, construction, and landscaping works;
• Slope gradient (yes/no);
• Local depressions(yes/no);
• Causes of soil erosion and sediment formation;
• Visual signs of external sources of sediment entry.

For some characteristics and indicators, the classification schemes were developed by applying
five-point evaluations by experts basing on the visual observations during a field study.

For segments related to the green functional zone, the projective cover of trees, the projective
cover of grasses, the type of vegetation (wild plants, lawn grass, ornamental plants), and insolation
within the site segments were also evaluated.

A special questionnaire was developed that includes the site address and coordinates, segment
ID marked on the site plan, date and time of the survey, and a formalized description of the main
characteristics of the segment. The questionnaire was filled out for each site segment at each site.
Expert grades were assigned by the agreement of two experts. To achieve consistency in the expert
assessments in different cities, the field surveys were carried out by the same researchers according to
the same procedure.
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3. Results

Field surveys of 36 sites in six cities were performed in warm seasons 2017–2019
(Ekaterinburg—August 2017, Nizhniy Novgorod—August 2018, Rostov-on-Don—October 2018,
Tyumen—July 2019, Chelyabinsk—August 2019, Murmansk—August 2019). The average area of a
site excluding buildings was 7900 m2, the minimum area was 1500 m2, and the maximum area was
17,600 m2. Buildings occupied an additional 2400 m2 on average. At each site, 14 segments on average
were delineated. A schematic division of a site into segments is presented in Figure 3. The average
area for the segments was approximately 560 m2; 75% of the segments had areas of more than 135 m2.

Figure 3. Schematic division of an elementary urban residential landscape (EURL) into segments and
functional zones.

3.1. Functional Zones

Division of the EURL area by functional zones is presented in Figure 4. An average of 18% of the
residential area is related to the roads, from 13% in Rostov-on-Don to 26% in Tyumen. On average,
the green zone occupies 53% of the area of the site excluding the road network. The smallest contribution
of the green zone to the area was 42% in Tyumen; the largest was 63% in Ekaterinburg. The average
area of the vehicle zone (Figure S1), including driveways, parking, and illegal parking places is 35%,
from 29% in Ekaterinburg to 42% in Rostov-on-Don. On average, 59% of the area of a site belongs to
the courtyard space.

Figure 4. The division of residential quarters into the main types of functional zones.
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3.2. Motor Transport

On average, 64 parking spaces determined by visual signs of parked vehicles were recorded
at each site, of which 40 parking spaces were occupied by cars during the survey; 80% of the cars
were parked in the courtyard. This constitutes 2.9 parking spaces, from 2.2 in Chelyabinsk to 3.8 in
Ekaterinburg, per 100 m2 of the area of the courtyards, driveways, and parking spaces (the vehicle
zone of the courtyards) (Figure 5). In the daytime, when the survey was carried out, there was an
average of 1.1 parking spaces and 0.7 cars per 100 m2 of the courtyard area. The minimum number of
cars was in Chelyabinsk (0.5), and the maximum in Tyumen (0.8).

Figure 5. The numbers of proper and illegal parking places per 100 m2 of the motor transport
infrastructure zone of the EURL internal part.

Of the approximately 2300 parking spaces, 487 (21%) are illegal parks on the lawns, sidewalks,
and playgrounds (Figure S2). The number of illegal parking places varies significantly by city (Figure 5),
from 11% in Tyumen to 36% in Murmansk. One car parked on the lawn disturbs soil in an area of
approximately 27 m2. Illegal parking places occupy about 8% of the green area, sports and children’s
playgrounds, and sidewalks; in Murmansk and Nizhniy Novgorod—about 14%; in Ekaterinburg,
Chelyabinsk, and Tyumen—from 4 to 6%.

3.3. Soils

Soils at the sites are mainly represented by technosols. Natural landscapes within residential
areas are almost never found. Soils of natural origin are preserved in separate places with complex
topography and elevation, for example, in Murmansk. The upper soil layers are represented by
artificial lawn soils, peat, etc., formed as a result of landscaping.

3.4. Disturbed Cover

According to the survey results, the majority of the surfaces in residential areas are disturbed by
natural and anthropogenic factors. Areas with visual signs of erosion and mechanical disturbance,
bare ground, and paving in poor condition were assigned to the damaged surface cover category.
In general, 24% of surfaces in the residential areas of all the cities together are disturbed. Assessment
of the condition of surfaces showed that the total proportions of disturbed cover were 27% and 16%
in the inner courtyards and the external parts of the sites, respectively. The damaged cover was the
possible source of the urban sediment in 319 segments of the urban landscape, which is 2/3 of all
those examined.
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As can be seen in Figure 6b, the smallest proportion of damaged cover was found in
Ekaterinburg—12%. In other cities, except Rostov-on-Don, it did not exceed 30%, and in Rostov-on-Don,
more than 40% of EURL surfaces had disturbed cover. In all cities except Ekaterinburg and Murmansk,
the largest share of damaged surfaces refers to the disturbed lawn cover. The contribution of the green
zone to the total area of damaged cover in Rostov-on-Don reached 90%, while in other cities it was
below 70%. The vehicle zones (illegal parking places and disturbed areas of driveways and parking
lots) make up the majority of the disturbed cover for Ekaterinburg and Nizhniy Novgorod (Figure S3).
In all cities, the portion of damaged cover areas was higher in courtyards than in external parts of the
EURLs (Figure 6a).

Figure 6. (a) Disturbed cover areas in courtyards and external parts of EURLs; (b) the share of disturbed
cover areas on the site (excluding the area of roads), and the contribution of the main functional zones
to the total area of damaged cover.
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3.5. Vegetation

The lowest grass projective cover in lawns was found in Rostov-on-Don—only 16% (Figure 7a),
where the bare soil in lawns was partly associated with the arid summer of steppe climate. The largest
projective cover was found in Tyumen (68%). In other cities, projective coverage was in the range of
54–60%. In Tyumen, the largest area of lawns with high projective cover was observed: 27% of the
total area of lawns had grass cover of more than 75%, whereas in Rostov-on-Don almost two-thirds of
lawns had projective grass cover of less than 25%. In other cities, more than 50% of the lawn area had
projective grass cover of more than 50%. The projective grass cover does not depend on the type of
vegetation (wild specimens, lawn grass, and ornamental plants). In Tyumen, each type of vegetation
makes a significant contribution to the total projective grass cover of green areas. In Chelyabinsk and
Murmansk, the greatest contribution is associated with wild species of grass. In Nizhniy Novgorod,
the wide use of a cultivated variety of grass was observed. An example of the contribution of low
grass projective cover to soil erosion and sediment formation in the urban environment is presented in
Figure S4.

Figure 7. (a) Projective grass cover in lawns, taking into account the contributions of wild plants, lawn
grass, and ornamental plants. In Ekaterinburg, the study was conducted according to another scheme.
(b) Projective tree canopy cover of external and internal parts of the EURL.
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According to a rough assessment of the insolation of lawns, it was found that approximately a
third of the lawns can be attributed to areas with low insolation (the shadows of buildings and trees).
In these areas, projective coverage is on average 14% lower than in areas with less shadowing.

The average tree canopy cover was 26% of the total area excluding buildings and roads (Figure 7b).
In Rostov-on-Don, the largest projective coverage of trees was observed—38%, and the smallest in
Tyumen—21%. In all cities, the coverage of the external part of the EURL was higher than in the
courtyard (Figure 7b).

3.6. Cleaning and Technical Condition

To characterize the quality of cleaning and the technical condition, expert grades were qualitatively
divided into two categories, satisfactory and low quality. Low quality of cleaning was demonstrated
by the presence of large amounts of debris, communal waste, broken glass, cigarette butts, and leaf
fragments (Figure S5 left). Observations show that under poor quality cleaning, urban sediment
accumulates on surfaces, near curbs, and in relief depressions. The share of low-quality grades
of cleaning varies significantly by city—from 40% in Nizhniy Novgorod to 80% in Rostov-on-Don.
Lower quality of cleaning at pervious paving was observed in all cities (Figure 8a).

The quality of cleaning impervious ground surfaces is considered separately (Figure 8b). For this
characteristic, the difference between cities is even greater: from 5% to 81% of areas with poor cleaning
in Nizhniy Novgorod and Rostov-on-Don, respectively. Poorly cleaned driveways and parking places
in yards make the greatest contributions; more than 50% of all impervious areas in Rostov-on-Don and
Chelyabinsk have poor cleaning quality.

An expert assessment of the technical condition of the street, and of front and back yard
infrastructure, showed that on average 59% of the areas, excluding the roads, are in unsatisfactory
condition. The major visual signs of the unsatisfactory technical condition are as follows. On lawns:
low projective grass cover, insufficient mowing, weed overgrowth, lawn damage by vehicles, earthwork
with storage of excavated soil on lawns, and lack of restoration or landscaping. On driveways, parking
places, and sidewalks: damaged asphalt or other paving, damage or lack of curbs, earthworks with
storage of the excavated soil on the pavement, the presence of a large number of depressions with the
formation of puddles and deposits of high thickness (Figure S5 right). In all cities, a large contribution
to negative grades (<4) of technical condition relates to the green zones, on average 46%. In all cities
except Tyumen and Rostov-on-Don, the contribution of driveways was quite large as well—10 to 15%
(Figure 8c). In some cities (Murmansk, Chelyabinsk, Ekaterinburg) sidewalks make an additional
contribution to the surface area with unsatisfactory technical condition. In general, 84% of the green
zones area was in unsatisfactory technical condition (negative grades). About 32% and 22% of the
areas of driveways and sidewalks, respectively, were associated with the unsatisfactory condition.

3.7. Earthworks and Construction on Sites

One of the most intense sources of surface contamination by sediment is earth and construction
work. Under such activities, the destruction of surfaces, the storage of building materials, and piles
of excavated soil without proper shelter occur. In some cases, proper restoration after completion of
the earthwork was not undertaken in a timely way (delayed restoration, Figure S6). In total, various
works affected 43 site segments (out of 484). Observed earthworks and construction included installing
communications cables, sewage works, installing electricity cables, landscaping, road resurfacing, etc.
Of all the cases of earthworks and construction documented at the sites, the storage of construction
materials and waste on site occurred in 13 site segments (30%), and proper restoration was not carried
out in 20 cases (47%). At 20 of the 36 sites, the consequences of such works associated with the
formation and transfer of sediment were observed (55%). In total, earthworks and construction in
residential areas affects about 9% of the territory. The largest number of segments with the delayed
restoration was found in Ekaterinburg (Figure 9). In Tyumen, such sites were not identified at all.
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Figure 8. Grades of cleaning quality and technical condition. (a) Negative grades of cleaning in
segments with pervious and impervious surfaces; (b) quality of cleaning by functional zones with
impervious surfaces; (c) contributions of the main functional zones to the negative grades of the
technical condition.
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Figure 9. The number of segments with delayed restoration after earthworks and construction.

3.8. Gradient

Assessment of the gradient in the surveyed sites showed that on average 56% of the urban
landscape has a visible slope and visual signs of stormwater runoff. The smallest proportion of areas
with a registered gradient within sites was observed in Nizhniy Novgorod (34%), the largest was in
Murmansk (81%), and it was 53–59% in other cities. The presence of the gradient could be associated
with the features of the natural landscape and the architectural solutions. In Murmansk, residential
neighborhoods are integrated into the existing mountainous terrain of the Murmansk bay region.
In Nizhniy Novgorod, the landscape of residential areas is mostly flat, though some of the residential
areas are also located on a hilly shore.

3.9. Sediment Formation and Transport

Where the soil erosion or mechanical destruction due to automobile impact occurred, segments
were considered as places of sedimentation formation. As can be seen in Figure 10, the proportion of
segments that were sources of sediment material was at least 60% of segments surveyed in all cities.
In Murmansk and Chelyabinsk, more than 90% of the segments were sources of sediment. The smallest
share of such segments was found in Ekaterinburg (61%).

Figure 10. The proportions of site segments that were sources of sediment yield and the proportions of
segments contaminated due to transfer from neighboring areas.

Sediment connectivity in the urban micro-landscape is characterized by the presence of sediment
transfer between neighboring segments of the EURL. As can be seen in Figure 10, at least 48% of the
segments were polluted with material transferred from adjacent areas. The maximum proportion
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of site segments with sediment supply due to transfer from neighboring areas was also found in
Ekaterinburg (74%). In total, 430 of 484 site segments (80%) were subject to sediment formation or
sediment transport that resulted in pollution of the urban environment with urban sediment.

The transport of deposited sediments together with the removal of degraded soil from places
of illegal parking on the wheels of cars to the courtyards, driveways, and streets was noted at 26 of
the 36 sites. The vehicles provide transport for sediment in both directions, from courtyards to roads
and from roads to courtyards. Another factor of sediment connectivity in the urban landscape is the
organization of runoff over landscape and equipment with a drainage system. According to the results
of the surveys, courtyards are mostly designed to provide surface runoff without water stagnation.
The flow of water is intentionally directed from courtyards to streets, which are usually equipped with
municipal drainage systems. Among 36 surveyed sites, considerable water stagnation was observed at
one site, and courtyard drainage systems were found at two sites.

4. Discussion

Field surveys of the urban residential environment conducted in six Russian cities revealed
factors that significantly impact sediment formation, transport, and sediment surface deposition in
residential areas.

4.1. Motor Transport

The landscape survey showed that significant portions of residential blocks, including courtyards,
are occupied by motor vehicles. Intensive motorization is a feature of the socio-economic development
of the last few decades in Russia. The Russian car parks amounted to 52.4 million units in 2019 with
a growth of about 50% in the last decade. Intensive motorization gave rise to a number of urban
problems. The city road networks were not designed for the increased traffic, which was also observed
in many cities around the world during similar periods of development. Attempts to solve this problem
by increasing the role of public transport have not yet yielded the expected results in Russian cities.

The second problem is the lack of parking spaces for an increasing number of cars. Unlike in
low-rise residential areas in other regions of the world, parking problems exist not only “near the
office,” but also “near homes” in blocks of mid and high-rise buildings during non-working-hours.
The survey results confirmed that the high density of automobiles increases sediment formation.
By blocks of apartment buildings, not only are roadsides and designated asphalt areas used for parking,
but any available piece of land that is not fenced is used as well. Car owners aggressively occupy
lawns, sidewalks, playgrounds, and sports grounds.

In three cities—Ekaterinburg, Murmansk, and Nizhniy Novgorod—the largest number of cars per
100 m2 of vehicle infrastructure area (driveways and parking places) inside yards was observed—3.7
parking places, of which 1.1 were illegal. It can be concluded that in the cities of Ekaterinburg,
Murmansk, and Nizhniy Novgorod, the existing vehicle zone is almost completely occupied by private
vehicle units. In these cities, the landscape experiences the maximum vehicle load—one car per 27 m2

of the transport infrastructure (driveways and parking) of the yard. In the cities of Rostov-on-Don,
Tyumen, and Chelyabinsk, there is one vehicle per 43 m2 of vehicle zone of the internal part of the
EURL. In these cities, the number of cars parked on lawns, sidewalks, and playgrounds is 3.3 times less
(per 100 m2 of the vehicle zone of the courtyard). At the same time, the number of cars parked within
the vehicle zone is almost the same in both groups of cities, 2–2.5 parking spaces per 100 m2 of the
vehicle zone. It can be assumed that in Rostov-on-Don, Tyumen, and Chelyabinsk, a large proportion
of cars are located outside the courtyards in legal parking spaces.

Estimates showed that one car illegally parked on a lawn or sidewalk occupies an area of about
27 m2, taking into account the area necessary for driving. Lawns and sidewalks, places that do not
have special cover, are mechanically damaged by the wheels of illegally parked cars. Every fifth car
in the courtyard is fully or partially parked on a lawn, sidewalk, or playground. To ensure proper
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conditions for all the cars currently used in yards, an increase in the area of the vehicle zone by about
30% is required.

4.2. Management—Technical Condition

Poor technical condition of the landscape infrastructure increases the potential for the sediment
formation. Attributes of the unsatisfactory technical condition of sidewalks, lawns, curbs, asphalt
surfacing of driveways, building structures, and other elements were observed in all cities.
These structures are exposed to weathering and the impacts of vehicles, and supply destructive
products to the environment. The low technical condition of the green zones contributes to the negative
assessment of the urban landscape in all cities as well. The technical condition of the vehicle zones in
courtyards is unsatisfactory in most cities.

The technical condition of infrastructure varies significantly across the cities. The reasons for
such differences are not precisely established and only to some extent may be related to the size of the
municipal budget and climatic conditions.

4.3. Management—Vegetation

The total area occupied by green zones in cities is relatively high, and more than 50% of the area of
courtyard spaces belongs to green zones. The presence of large pervious areas allocated for vegetation
helps to solve the problem of surface water drainage, which plays an important role in the surface
transport of solid sediment and runoff.

The grass cover is the major characteristic of lawns and other pervious surfaces in relation to
protection against erosion and mechanical destruction. Given the low average projective grass cover
(less than 60% in five cities), the low proportion (about 50%) of lawns with high projective cover, the rare
use of cultivated varieties of lawn grasses, and the high proportion of lawns in low light conditions,
the quality of lawns in Russian cities was assessed as unsatisfactory. Low projective grass cover and
poor technical conditions of the green zone reduce the potential positive effect of green spaces.

4.4. Management—Cleaning

Unsatisfactory cleaning in considerable portions of residential areas leads to low extraction and
high deposition of sediment on surfaces with suitable conditions. It turned out that the greatest
difference between the cities was observed in the expert assessments of the quality of cleaning, especially
on impervious surfaces. Despite the lowest municipal budget per capita, the best cleaning quality was
noted in Nizhniy Novgorod. A characteristic feature of all the cities surveyed was the low quality
of cleaning of a significant portion of the lawns and other elements of the green zone compared to
paved surfaces.

4.5. Earthworks

Approximately 9% each of the green zones and the vehicle zones in the surveyed cities are affected
by earthworks and construction. The main factors that pollute the environment with sediment during
works are the placement of building materials and excavated soil on the ground and the lack of timely
and proper restoration. The disposal of the excavated soil and building materials on the ground
without shelter makes the soil and materials susceptible to wash off by runoff and to mechanical
transfer on car wheels and biological transport by pedestrians.

The negative impact of earthworks and construction on the environment takes place due to the
insufficient application of the principles and standards of environmental management. The introduction
of such principles into companies involved in any works in the urban environment is not inspired by
municipal authorities.
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4.6. Sediment Production

The area of disturbed cover may be considered as an integral factor influencing sediment
production in urban areas. This parameter summarizes the area with low projective grass cover, lack of
grass cover on pervious surfaces, and poor technical condition of paving. The present study found that
about 24% of the surfaces of residential areas are potential sources of solid sediment supply. Assuming
erosion of 1 mm/year/m2 of disturbed surfaces on land with a soil density of 2000 kg/m3, sediment
supply (all size fractions) in the city may be roughly estimated as 0.5 kg/year/m2. This estimate
corresponds to the range of sediment yield in urban areas made in [16]. According to observations,
for individual segments with high vehicle load, the layer of soil removed annually may be even
larger. In this case, the rough assessment of sediment yield may reach a few kg/year/m2. Earlier,
the amount of solid sedimentation material deposited in the urban environment was estimated from
the accumulation of solid sediment in snow-dirt sludge in Ekaterinburg [65]. Snow-dirt sludge is a
material formed as a result of the mixing of snow and urban sediment through the actions of vehicles’
wheels and pedestrians’ feet. The total amount of urban sediment deposited in residential land use
areas in Ekaterinburg was estimated as 320,000 t or 3.2 kg/m2 [65]. This estimate corresponds to the
rough assessment of the present study—a few kg/year/m2.

According to an assessment of sediment supply potential, the greater prevalence for sedimentation
was observed in the internal courtyard parts of the urban landscape than in the external parts.
The courtyard is characterized by a larger disturbed cover area, worse technical condition, lower quality
of cleaning, and a larger area of green zones, on which these negative factors are more pronounced. It is
also necessary to mention illegal parking on lawns as another negative factor. Higher sediment supply
potential of courtyards is to some extent related to principles of responsibilities division between
municipal authorities and owners of residential buildings in the Russian Federation.

4.7. Connectivity, Sediment Transport

In the framework of the present study, it is possible to qualitatively assess the sediment connectivity
in the EURL by the number of segments exposed to contamination due to sediment transfer from
neighboring areas. The sediment connectivity in the EURL can be considered as high, since about half
of the segments have a significant gradient and half of the segments are contaminated due to sediment
transport. In some cities, the number of segments contaminated due to migration is approximately
equal to or greater than the number of segments in which sediment is produced. The largest numbers
of segments subject to supply from neighboring areas were observed in the cities of Ekaterinburg and
Nizhniy Novgorod, in which the largest number of parked cars per unit area of EURL was recorded.
Thus, it can be assumed that motor transport plays an active role in migration and increasing landscape
connectivity in the urban environment in addition to sediment wash off. Taking into account the
directions of traffic flow and stormwater runoff, the sediment cascade is formed; it carries sediment
outside the courtyards into the road network. The connection of the elements of the urban landscape
into a single sediment cascade, which forms the urban landscape catena, is determined both by the
slope gradient and mechanical sediment transport.

4.8. Representativeness of the Study

The total area surveyed in six cities was about 370,000 m2 (including the area of residential
buildings), which is approximately equal to the area of a small town such as Monte Carlo. At the
same time, this area does not exceed 0.5% of the total residential area in Ekaterinburg alone.
The representativeness of this study is enhanced by the fact that the most typical residential blocks
of each city were considered when choosing the sites. The total perimeter of the site segments,
i.e., the approximate route covered by the researchers during the surveys, which was about 50 km,
also characterizes the size of the study.
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During the Soviet era, standardized construction methods and regulatory approaches were applied
throughout the country, which contributed to the homogeneity of the urban landscape in different
cities. After the collapse of the USSR and changes in socio-economic policies, tenants of municipal
housing were allowed to privatize their units with responsibility for managing adjacent courtyards.
Homeowners of flats in multi-household residences cooperatively hire service organizations that
maintain entire blocks of houses. The state partly continues to control and regulate the municipal service
sphere, promoting common standards. Thus, the urban landscape remains relatively homogeneous
and the results of the landscape surveys in the six cities can be considered representative for all major
cities in Russia.

The study included cities located in various climatic zones. For urban studies in Russia, it is
important to reflect the change in climatic conditions from south to north and from west to east. In the
current study, the first vector is represented by the axis Rostov-on-Don–Nizhniy Novgorod–Murmansk,
and the second, Nizhniy Novgorod–Ekaterinburg/Chelyabinsk–Tyumen. When comparing the survey
results in different cities, it is necessary to take into account the effects of local climatic factors.

A landscape survey of Russian cities was carried out in the warm season. When analyzing the data
obtained, it is necessary to take into account the significant seasonality of meteorological conditions in
Russia. In all the cities surveyed, in winter the temperature is below zero degrees Celsius. In all cities
except Rostov-on-Don, months-long snow cover is established. In the winter period, factors affecting
sedimentation processes are significantly modified. Some aspects of sedimentation processes in an
urban environment in the winter were presented in recent works [65,79].

It is appropriate to develop a model of a typical EURL for a Russian city. Table 2 shows the
main parameters of EURL model according to the results of the present study, which are partly
demonstrated in Figure 3 as well. By consecutively stacking the model units of external and internal
parts of the elementary landscape to model blocks, microrayons, and an entire city, such a model
can be used for various purposes in land use studies, estimates of sediment yield, and sediment
accumulation at various scales. In particular, modeling of the sediment yield and dust dispersion in
the urban environment may be performed by applying some specific coefficients in different segments.
Such coefficients should take into account both the natural processes and the anthropogenic activity’s
influence on the sedimentation. The EURL model can be used to verify the results of urban research
that can be performed using remote sensing methods as well.

Table 2. Characteristics of the typical EURL in a large Russian city.

Parameter Value

Total area 10,000 m2

Areas of road/front yard green zone/internal courtyard/buildings,% 14/17/46/23
Areas of green and sidewalks zones/vehicle zone in internal courtyard, % 57/43
Number of segments at the site/the average area of the segment 14/560 m2

Number of parking spaces in internal/external parts 50/13
Number of illegal parking in internal/external parts 12/1
Area of segments with unsatisfactory technical condition 59%
Area of segments with impervious cover with poor cleaning 60%
Area of lawns with projective grass cover less than 50% 50%
Tree canopy cover (excluding the area of buildings and roads) 26%
Area affected by earthworks and construction 9%
Area of impervious cover/lawn/disturbed cover (roads and buildings excluded), % 38/38/24
Segments connectivity: probability of solid sediment transfer from neighbouring
segments to the given one 0.5

4.9. Limitations of the Study

There are several of limitations and sources of uncertainty that could be taken into account to
evaluate the obtained results. The study was conducted within the residential areas of the cities,
and other land uses were not considered. At the same time, industrial and commercial land uses
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occupy a significant proportion of the urban territories and contribute to the urban sediment supply.
Sediment formation and transport in the city, as a complex system, has to be studied in all specific urban
landscapes. The field observations in this study were based in part on expert assessments of some
landscape characteristics and indicators that are not free from subjectivity. While attempts to achieve
the consistency of results of the field observations in different cities were undertaken, difficulties likely
will arise when comparing with the work of other researchers in other regions of the world.

The urban landscape in this study was intentionally considered as a constant, non-dynamic
system. This is not true. Two types of temporal variation of the urban landscape should not be missed
for a more comprehensive understanding of the natural and anthropogenic influences on the sediment
cascade. The first one is seasonality, which is a significant modifying factor. In the case of the northern
cities, the snow cover interacts with urban sediment and inevitably transforms the erosion, transport,
and depositional processes during cold winters [79]. Seasonality is an important factor determining
an increase in surface runoff and sediment transport during the springtime melt [80]. In this study,
the observations were made during the summer and early autumn, when soil erosion is not hidden
by snow cover, and sediment transport is not restrained. It could be taken into account that the
characteristics of recognized influencing factors may change throughout the year. The second type
consists of permanent changes to the urban landscape and land cover in course of time. In order to
study the effects of the long-term transformation of urban areas, repetitive monitoring for several years
is required.

5. Conclusions

According to the results of the present study, the formation of sediment in the urban environment
is a complex process involving the interaction of various natural and anthropogenic physical processes.
The life cycle of the urban sediment starts with soil erosion and mechanical destruction and continues
with the removal of degraded soil by wind, runoff, car wheels, and pedestrians. Significant storage
of surface sediment in the urban environment may occur due to low removal rate. The following
main groups of factors have significant impacts on sediment supply, transport, and deposition in
residential areas of Russian cities: low adaptation of residential areas’ infrastructure to the high density
of automobiles, unsatisfactory municipal services, and bad environmental management in the course
of construction and earthworks. The significant impact of motor vehicles in the urban environment
includes mechanical sediment transport that sharply increases the sediment connectivity within the
urban landscape. Results of the study approve negative trends in urban sedimentation caused by the
mismatch between the current level of urban planning and management and the needs of residents in
a high-quality environment in growing cities that can arise in different regions of the world.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1320/s1.
Figure S1: Example of a vehicle zone (all photos were taken during the field survey). Figure S2: Examples of
illegal parking on lawns and playgrounds. Figure S3: Examples of disturbed cover from illegal parking (left) and
damaged driveway (right). Figure S4: Example of low grass projective cover. Figure S5: Examples of segments
with negative grades of cleaning (left) and technical condition (right). Figure S6: Example of delayed restoration
after earthwork.
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Abstract: The SCAMPER method for measuring PM10 emission rates from roadways was used to
evaluate mitigation methods for public unpaved roads and a treated mine haul road. The SCAMPER
method uses a small trailer to measure PM10 concentrations behind a vehicle at a point that is
representative of the mean PM10 concentration in the vehicle’s wake. This concentration multiplied
by the frontal area has been shown to be a reasonable estimate of the emission rate in units of grams
per meter traveled. On public roads it was towed by a 2006 Ford Expedition and on a mine haul road
it was towed behind both the Expedition and an earth mover weighing over 150 tons fully loaded.
Since the SCAMPER is capable of measuring emission rates on both paved and unpaved roadways,
a direct comparison of the effectiveness of mitigation methods with respect to a similar paved road
was possible.

Keywords: PM10; road dust; fugitive dust; particulate matter; unpaved roads; emission factors

1. Introduction

Particulate matter less than 10 μm aerodynamic diameter (PM10) has been implicated
as being responsible for a wide variety of adverse health effects that have been shown in
epidemiological studies to contribute to premature deaths [1]. For this reason concentration
standards have been promulgated by many governments to protect the health of its citizens.
These standards are routinely exceeded in many urban areas. In order to formulate
effective mitigation approaches, the sources of the PM must be accurately known. Receptor
modeling has shown that PM10 of geologic origin is often a significant contributor to the
PM10 concentrations in areas that are in non-attainment and a significant portion of this
geologic material has been estimated to originate from paved roads [2]. While unpaved
roads are less common in urban areas, the nature of their road surface could lead to
potentially large emission rates of geologic material and these roads are often found in
many parts of the western United States. In addition, construction and other industrial
activities sometimes use unpaved roadways, often used by heavy duty vehicles.

Since emissions from roadways cannot, by their nature, be measured directly, they
must be calculated from the characteristics of a line source plume. This has been done using
dispersion modeling [3–5], receptor modeling [6] a combination of dispersion and receptor
modeling [7,8], tracer studies [9–11], measuring the flux of PM10 through a horizontal
plane downwind of the source [12–17] and measurement of PM10 concentrations near the
wheel or in the wake of a vehicle [18–22]. Using flux measurements the U.S. Environmental
Protection Agency (EPA) in document AP-42 has derived empirical equations for estimating
particulate emissions from both paved and unpaved roads using metrics such as surface
silt and moisture content, mean vehicle weight, and mean speed [23,24].

For industrial unpaved roads the EPA equation for the PM10 emission rate in units of
grams (g) per Vehicle Kilometer Traveled (VKT) is:

E = 423 ∗ (s/12)0.9 ∗ (W/3)0.45) g/VKT (1)
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For public unpaved roads the EPA equation for the PM10 emission rate in units of
g/VKT is:

E = 507 ∗ (s/12) ∗ (S/30)0.5/(M/0.5)0.2 g/VKT (2)

where:
E = PM10 emission factor g/VKT
s = surface material silt (silt defined as dry material passing through a 200 mesh screen)

content (%)
W = mean vehicle weight in U.S. tons
M = surface material moisture content (%)
S = mean vehicle speed (miles per hour)
In many cases default values are used for these metrics, which can lead to large uncer-

tainties.
We have previously reported the development and evaluation of SCAMPER (System

for the Continuous Aerosol Measurement of Particle Emissions from Roads), a mobile
real-time method that samples in the vehicle’s wake on paved roads to determine PM10
emission rates [25,26]. Other mobile methods that sample PM10 near the vehicle’s wheel,
require the use of particle diluters so that the concentrations do not exceed the upper limit
of the optical sensors used. This adds a great deal of complexity to the sampling system,
which is generally integrated into the test vehicle. Since the SCAMPER samples in the
vehicle’s wake, the PM is much diluted and concentrations, even on unpaved roads, remain
within the sensor’s limits. In addition, it is much easier to move the system from one
vehicle to another.

In the following we discuss the use of SCAMPER in measuring the emission rates
from unpaved roads. While the AP-42 equation estimates PM10 emissions from unpaved
roads using independent variables, the SCAMPER approach directly measures emissions
and does not depend on these variables. In addition, a large amount of emission data may
be easily collected. The data from the unpaved roads we report here was used to evaluate
the effectiveness of surface treatments on public roadways and a mine haul road. We also
showed that the measurement equipment can be attached to heavy duty vehicles, in this
case 150 tons, to determine PM emission rates from any type of vehicle. This is the first
time that mobile methods have been reported in measuring the PM10 emission rates from
such heavy duty vehicles.

2. Materials and Methods

2.1. SCAMPER Description

The SCAMPER determines PM emission rates from roads by measuring the PM
concentrations in front of (mounted on the hood) and behind the vehicle (mounted on a
small open trailer) using optical sensors with a 1 s time resolution. As a first approximation,
the concentration difference between the two (in mg m−3) is multiplied by the vehicle’s
frontal area (m2) to obtain an emission factor in units of mg m−1. The system and its
validation has previously been described [25,26]. Briefly, the SCAMPER includes five major
components:

1. Tow vehicle and Trailer: A 2006 Ford Expedition was used to tow a small (3.1 m wide
by 2 m long) open flatbed trailer. The trailer was fitted with a 1 m hitch extension to
place the rear sampling inlet 3 m behind the tow vehicle at a height of 0.8 m above
the ground on the centerline of the trailer. This position was found to give PM10
concentrations that were representative of the mean concentration of PM10 in the
wake of the tow vehicle [24].

2. PM10 Sensors: Thermo Systems Inc. (Shoreville, MN, USA) Model 8520 DustTrak™
optical PM sensors with PM10 inlets.

3. Isokinetic Sampling Inlets: A custom made inlet where the inlet speed is matched
to the air speed by a PC that monitors the static air pressure and adjusts the inlet
pressure to match it by controlling a vacuum pump (mounted on the trailer). This
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condition creates a no-pressure-drop inlet; therefore, the sampled air stream has the
same energy as the ambient air stream.

4. Global Positioning System: Garmin (Kansas City, MO, USA) Map76 GPS to determine
vehicle speed and location.

5. Data Collection System: A laptop PC was used to collect GPS and DustTrak™ data at
1s intervals in addition to controlling the inlet vacuum pumps.

2.2. Public Unpaved Road PM10 Emission Measurements

Field measurements of PM10 emission rates were made on two different Arizona state
highways, State Routes SR 88 and SR 288. The SCAMPER test vehicle was operated at
speeds consistent with safe operation and that observed of other vehicles. The segment of
SR88 between mile point 220.1 and mile point 227.5 (12 km) was treated with Envirotac
II Acrylic copolymer (Environmental Products and Applications, Inc., La Quinta, CA,
USA) at a rate of 1.1 Lm−2. To the west the road was paved and to the east it was
unpaved gravel. The section between mile points 226.5 and 227.5 was treated two years
before the measurement study and the section between mile points 220.1 and 226.5 was
treated five months before. The SCAMPER testing was conducted from Tortilla Flats, AZ
(GPS coordinates 33.5268 by −111.3896) eastbound on paved road to mile point 220.1 (GPS
coordinates 33.5383 by −111.3258) where the road transitioned from paved to treated gravel.
The treated section ended at mile point 227.5 (GPS coordinates 33.5483 by −111.2563)
and the SCAMPER vehicle continued eastward on untreated gravel until reaching GPS
coordinates 33.5829 by −111.22143 (10 km) where it turned around and headed westbound
back to Tortilla Flats.

The segment of SR 288 between mile points 274.7 and 280.5 (9 km) was treated the year
before the study by milling 15 cm of the base material that had just been treated with SS-1
low setting emulsion (McAsphalt Industries Limited, Toronto ON, Canada) followed by an
application of their CRS II emulsified liquid at a rate of 1.6 L m−2 and then overlain with
14 kg m−2 of 1 cm stone chips. The road was untreated gravel on both sides of the treated
section. The SCAMPER test route consisted of a circuit starting on the south approximately
0.4 km from the treated section (GPS coordinates of 33.7468 by −110.9624), covering the
treated section (GPS coordinates 33.7496 by −110.9650 at the southern end and 33.7879 by
−110.9714 at the northern end) and continued north on the gravel for another 0.4 km (GPS
coordinates of 33.7935 by −110.9719.

2.3. Mine Haul Road PM10 Emission Measurements

The mine haul road was located near the Cricket Mountains in Utah. It was generally
straight and approximately eight km long. The native soil of the road had been treated with
a dust suppressant. The SCAMPER was used in its normal configuration (Ford Expedition
tow vehicle) for measuring PM10 emissions during all of the first day of sampling and all
but one roundtrip on the second day of sampling. The average speed was 72 ± 4 km/h.
A frontal area of 3.66 m2 was used for the Ford Expedition and the estimated weight is
2.5 tons. After completing four round trips on the second day of sampling, the SCAMPER
equipment was installed on the haul vehicle (see Figure 1) for all subsequent testing. The
average speed was 53 ± 5 km/h. The frontal area of the haul vehicle was estimated to
be 10.6 m2 based on the overall height and width. The weight of the haul truck was
approximately 50 tons empty and 150 tons fully loaded.

PM10 filter samples (47 mm Teflo™ Ringed Filter, 2 μm pore) were also collected on
the SCAMPER trailer when it was attached to the haul truck using a Sierra Andersen model
241 inlet adapted to a 47 mm filter holder and sampled at 16.7 L m−1. The inlets of these
samples were collocated with the DustTrak™ inlets. A total of sixteen filter samples were
collected. Each collection was conducted over one direction of the haul road. Filters were
equilibrated to 25 ◦C and 40% RH and weighed before and after collection to the nearest
microgram using a Cahn (Irvine, CA, USA) model C-25 electro-balance.
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(a) 

 
(b) 

Figure 1. Photographs of the SCAMPER equipment outfitted on the front (a) and rear (b) of the mine
haul vehicle.

3. Results

3.1. Arizona Public Roads

The zero of the DustTrak™ was determined before, after, and at least once during the
test runs. The drift during the course of the each test day was less than a few μgm−3, near
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the 1 μgm−3 detection limit of the instrument. The data for each test run was corrected for
zero offset using the mean zero response for that day. The output of the rear DustTrak™
occasionally spiked, either positively or negatively. These spikes were probably due to
physical shock from the rough unpaved roads. These spikes always showed up on two
consecutive seconds. They were unlikely to be associated with an actual PM10 concentration
as concentrations rarely change to that degree in less than one second. The two-second
characteristic of this noise spike was also expected from the internal averaging and output
characteristics of the DustTrak™. On the time constant we selected (which is the shortest
available) the DustTrak™ output was a two-second running average that updated every
second. A large spike in a one-second period will therefore show up as two smaller spikes
for two consecutive seconds. To filter this noise we tabulated the data as 5-second running
medians. The two-second spikes therefore were removed from the data set. The net PM10
concentration was determined by subtracting the concentration of the front DustTrak™
from that of the rear. The net value multiplied the net PM10 concentration by the frontal
area of the test vehicle, to obtain the PM10 emission rate in units of mg m−1.

3.1.1. SR 88

Figure 2 summarizes the data on a map. In this map the emission rates are repre-
sented as circles with the shading becoming darker as the emission rates become larger.
Progressing from left to right, the emissions increase as the SCAMPER transverses paved,
treated unpaved, and untreated unpaved roads. Figure 3 shows the time series of PM10
emission rates calculated as a running ten-second average for periods when the running
average speed was greater than 16 km h−1 (below this speed the wake may not be well
formed). The units are in mg m−1. The data from treated and untreated unpaved roads are
highlighted, as are the paved road sections.

Figure 2. PM10 emission rates in mg m−1 superimposed on the map of the test segments used on SR 88.

Table 1 summarizes the data for the three completed passes of the test route. The
average emission rate of the treated gravel section was approximately five times lower than
the untreated gravel section. In both cases the average speed was near 30 km h−1. Spikes
in the emission rate were observed at repeatable times for both treated and untreated
sections, likely indicating road surfaces containing higher fractions of finer soil. Based on
the reproducibility of the segment emission rate data, the precision of the measurements
for both the treated and untreated sections was reasonable, especially considering the
potential operational variability from run to run. In order to estimate the precision of the
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measurements the assumption was made that the east and west bound emission rates
should be equivalent. The mean emission rate for each circuit are derived from a robust data
set of hundreds of measurements conducted over 10 km. The relative standard deviation
of the mean emission rates of the treated circuits was 15% while that of the untreated was
27%. This is in good agreement with the precision of approximately 20% for the much
larger data set from paved roads [26].

Figure 3. Time series plot of PM10 emission rates during the test conducted on SR88.

Table 1. Summary of mean PM10 emission rates (ER) for the test route on SR88.

Segment, Direction Circuit1 Circuit2 Circuit3
Overall
Means

Treated Time Eastbound 09:41–10:06 15:55–16:18
Treated Mean ER Eastbound, mg/m 8.9 8.1 8.5

Treated Mean Speed Eastbound, km/h 31.7 32.1 31.9

Untreated Time Eastbound, MST 10:07–10:19 12:26–12:36 16:25–16:35
Untreated Mean ER Eastbound, mg/m 51.6 60.5 42.8 51.6

Untreated Mean Speed Eastbound, km/h 27.3 30.0 31.3 29.5

Untreated Time Westbound, MST 1034–10:37 12:38–12:50 16:38–16:47
Untreated Mean ER Westbound, mg/m 47.2 61.4 63.0 57.2

Untreated Mean Speed Westbound, km/h 28.0 26.6 33.5 29.3

Treated Time Westbound, MST 10:39–11:02 12:51–13:27 16:54–17:15
Treated Mean ER Westbound, mg/m 8.5 13.8 13.3 11.9

Treated Mean Speed Westbound, km/h 30.4 30.2 33.3 31.3

Paved Road Westbound Time, MST 11:03–11:13 13:29–13:38 17:16–1725
Paved ER Westbound to Tortilla Flats, mg/m 0.3 0.7 0.3 0.4

Paved Speed Westbound to Tortilla Flats, km/h 52.9 52.6 53.5 53.0

Paved Road Eastbound Time, MST 11:42–11:52
Paved ER Eastbound from Tortilla Flats, mg/m 0.3 0.3

Paved Speed Eastbound from Tortilla Flats, km/h 50.9 50.9

Untreated Overall Mean Emission Rate, mg/m 54.4
Treated Overall Mean Emission Rate, mg/m 10.5

Paved Road Overall Mean Emission Rate, mg/m 0.4

While neither the silt nor the moisture content of the unpaved roadway was measured,
we have typically measured silt content of 14% and moisture of less than 4% in soils from
the desert southwestern United States. Using these values, a weight of 2.5 tons for the
tow vehicle, and a mean speed of 30 km h−1 yields an emission rate of 700 mg m−1. The
AP-42 equation therefore appears to significantly overestimate the PM10 emissions from
the unpaved road.
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3.1.2. SR 288

Figure 4 summarizes the data on a map. The higher emissions at the top and bottom
of the section are from the unpaved segments while the much lower ones are clearly
seen in the middle. Figure 5 shows the time series of PM10 emission rates calculated as a
running ten-second average for periods when the running average speed was greater than
16 km h−1. The data from treated and untreated unpaved roads are highlighted.

Figure 4. Map of the test segments used on SR288.

Figure 5. Time series plot of PM10 emissions during the test on SR288.

Table 2 summarizes the data. The PM10 emission rate from the untreated road was
similar to that on the untreated section of SR 88 and much less than the AP-42 estimation
of 700 mg m−1. The average emission rate of the treated gravel section was approximately
sixty times lower than the untreated gravel section. In addition, the average speed on
the treated sections was nearly twice that of the untreated section (52 vs. 25 km h−1),
so higher emissions would be expected if the treatment was ineffective. Spikes in the
emission rate were observed at repeatable times for only the untreated section, likely
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indicating road surfaces containing higher fractions of finer soil, which were not found
on the treated section. The PM10 emission rate from the treated section was nearly as
low as the asphalt paved portion of SR 88. Since SR 88 had a higher traffic density than
SR 288, the emissions from its paved segment are expected to be lower than if a segment
of SR 288 were paved. We therefore conclude that the PM10 emissions from the treated
portion of SR 288 is what would be expected of asphalt pavement. Again assuming that
both directions are equivalent, the relative standard deviation for all the untreated circuits
was 43% while that of the treated was 32%. The higher value for the untreated segments
was likely due to their relatively short lengths (0.4 km).

Table 2. Summary of mean PM10 emission rates for the test route on SR 288.

Direction, Segment Circuit1 Circuit2 Circuit3 Circuit4 Circuit 5
Overall
Means

South Untreated Time Northbound, MST 10:05–10:13 10:53–10:56 11:17–11:18 11:45–11:46 12:08–12:10
South Untreated Mean ER Northbound, mg/m 74.4 29.4 22.7 ND* ND 42.2

South Untreated Mean Speed Northbound, km/h 30.5 21.2 20.1 NA NA 23.9

Treated Time Northbound, MST 10:31–10:37 10:57–11:03 11:20–11:26 11:40–11:52 12:11–12:17
Treated Mean ER Northbound, mg/m 0.5 0.4 0.4 ND* 0.5 0.4

Treated Mean Speed Northbound, km/h 49.0 51.3 52.6 NA 53.6 51.0

North Untreated Time Northbound, MST 10:38–10:40 11:04–11:06 11:26–11:28 11:52–11:54 12:19–12:20
North Untreated Mean ER Northbound, mg/m 26.8 28.7 40.2 ND* 39.3 31.9

North Untreated Mean Speed Northbound, km/h 21.7 42.6 22.5 NA 25.1 28.9

North Untreated Time Southbound, MST 10:40–10:43 11:07–11:08 11:35–11:36 11:57–11:59 12:23–12:24
North Untreated Mean ER Southbound, mg/m 48.9 40.3 ND* 39.8 45.4 43.0

North Untreated Mean Speed Southbound, km/h 24.3 24.4 NA 24.3 25.1 24.3

Treated Time Southbound, MST 10:45–10:52 11:09–11:15 11:37–11:42 12:00–12:05 12:26–12:31
Treated Mean ER Southbound, mg/m 0.7 0.7 ND* 0.9 ND 0.8

Treated Mean Speed Southbound, km/h 49.4 51.9 NA 55.8 NA 52.4

South Untreated Time Southbound, MST 10:52–10:53 11:15–11:16 11:43–11:44 12:07–12:08 12:32–12:33
South Untreated ER Southbound, mg/m 16.4 18.0 ND* ND ND 17.2

South Untreated Speed Southbound, km/h 20.5 20.7 NA NA NA 20.6

Untreated Overall Mean Emission Rate, mg/m 36.2
Treated Overall Mean Emission Rate, mg/m 0.6

Untreated Overall Mean Speed, km/h 24.8
Treated Overall Mean Speed, km/h 51.9

ND* = No Data-filtered air control, ND = Rear DustTrak failed, NA = Not Available.

3.2. Mine Haul Road

Table 3 shows the average and standard deviation of the PM10 emission rate deter-
mined for each pass of the SCAMPER using the Ford Expedition as the test vehicle. The
emission rate standard deviations of the individual test runs are higher than the mean
value, indicating significant variation in emission rates along the roadway. The overall
average emission rate in the northwest direction was 0.51 mg m−1, while in the southeast
direction it was 0.52 mg m−1, values similar to the paved portion of SR 88. This shows
that the PM10 emission potential for each direction is similar and that the measurement
method is reproducible. The precision based on the relative standard deviation of the
direction means was approximately 80% and may be due to the relatively low emission
rates compared to unpaved roads.

Table 4 shows the average and standard deviation of the PM10 emission rate deter-
mined for each pass of the SCAMPER using the haul truck as the test vehicle. The values
for the haul truck were, as expected, considerably higher than that obtained using the
Ford Expedition. The average emission rate for the northeast direction (unloaded) was
4.0 mg m−1 while that for the southeast direction (loaded) was significantly higher at
7.3 mg m−1. The overall precision based on the relative standard deviation was 80% in the
unloaded direction and 70% in the loaded direction.

If one assumes 14% silt content, and applies the AP-42 equation for unpaved roads,
the PM10 emission rate is calculated to be 450 mg m−1 for the Expedition, 1700 mg/m for
an unloaded haul truck and 2800 mg/m for the loaded haul truck. It is clear that the AP-42
equation grossly over predicts the PM10 emission rate for this treated road. Taking the

262



Atmosphere 2021, 12, 1301

ratio of the AP-42 estimated emission rate to the mean measured rate gives 873 for the
Expedition, 425 for the unloaded haul truck, and 383 for the loaded haul truck. Given the
large differences between the weights of the Expedition compared to the haul truck, it is
not surprising that ratios are quite different. The ratios for the unloaded and loaded haul
truck, however, are similar, indicating the weight term in the AP-42 equation is valid.

Table 3. SCAMPER PM10 pass-averaged emission rate data for the Ford Expedition for each direction
of each test run.

Time (Local) Direction
Emission Rate

mg m−1
Std Dev Emission

Rate mg m−1
Mean Speed

km h−1

Day 1

10:47 NW 0.22 0.82 67

11:05 NW 0.09 0.12 70

12:02 NW 0.08 0.78 73

12:19 NW 0.17 0.92 75

12:39 NW 0.63 0.63 75

10:57 SE 0.01 0.15 69

11:15 SE 0.15 0.35 76

12:11 SE 0.15 1.16 76

12:33 SE 0.46 0.67 75

12:51 SE 0.68 1.01 77

Day 2

12:46 NW 0.91 2.37 67

13:05 NW 1.21 3.58 64

13:23 NW 0.76 1.38 71

12:55 SE 1.19 3.81 70

13:15 SE 0.88 2.84 72

13:33 SE 0.61 1.84 71

Mean NW 0.51 70

Std Dev NW 0.43 4

Mean SE 0.52 73

Std Dev SE 0.41 3

Table 4. SCAMPER PM10 pass-averaged emission rate data for the haul truck for each direction of
each test run.

Date/Time (Local) Direction
Emission Rate

mg m−1
Std Dev Emission Rate

mg m−1

Day 1

8:26 NW 1.5 3.2

9:13 NW 3.9 11.8

10:00 NW 2.6 7.9

10:47 NW 4.6 7.1

13:18 NW 8.2 3.1

16:02 NW 4.4 8.4
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Table 4. Cont.

Date/Time (Local) Direction
Emission Rate

mg m−1
Std Dev Emission Rate

mg m−1

8:48 SE 4.9 13.7

9:35 SE 0.5 0.6

10:24 SE 1.4 3.1

13:41 SE 13.8 18.9

15:20 SE 12.9 8.2

16:26 SE 8.4 7.8

Day 2

8:25 NW 0.1 0.3

10:49 NW 1.3 3.6

11:36 NW 3.9 7.0

13:54 NW 2.9 2.8

14:51 NW 3.5 3.6

11:13 SE 2.9 5.8

11:58 SE 10.7 7.1

14:23 SE 15.9 22.4

15:29 SE 11.2 14.2

Day 3

7:22 NW 0.6 0.7

8:34 NW 1.6 2.1

9:36 NW 2.7 3.6

11:22 NW 4.7 4.0

12:21 NW 11.2 7.0

12:57 NW 10.7 5.9

8:04 SE 1.0 1.1

9:05 SE 2.1 2.0

10:07 SE 4.1 4.9

11:53 SE 13.3 22.6

12:40 SE 6.0 6.5

13:27 SE 7.3 7.7

Mean NW 4.0

Std Dev 3.2

Mean SE 7.3

Std Dev 5.1

Although the measured emission rates for the haul road were similar to those mea-
sured on paved roads, it is not clear that the AP-42 paved road equation would be appro-
priate to predict PM10 emission rates of the haul road. This would require vacuuming of
the road surface to determine the surface silt loading, which may not be compatible with
this treated surface. The AP-42 equation for estimating PM10 emissions from paved roads
is as follows:

E = k(sL/)0.92 (W)1.01 g/VKT (3)

where:
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E = PM10 emission factor in the units shown
k = A constant dependent on the aerodynamic size range of PM (0.62) for PM10)
sL = Road surface silt loading of material smaller than 75 μm in g/m2

W = mean vehicle weight in tons
VKT = vehicle kilometer traveled
Based on the weight of the vehicles, it would be expected that the PM10 emissions

from the full haul truck would be 3 times that of the empty one and 65 times that of the
Ford Expedition. The measured ratios were significantly lower, 1.8 and 14. As with the
AP-42 values, the large difference in ratio between the haul truck and the Expedition are
likely to be due to an over-extrapolation of the equation that was derived from lighter
vehicles. The ratio between the unloaded and loaded haul trucks seems reasonable despite
this potential over-extrapolation.

3.3. Comparison of DustTrak™ with Filter Samples

The DustTrak™ is calibrated at the factory using a standard NIST Arizona road dust.
Figure 6 compares the PM10 filter concentration data with the concentration data from the
collocated DustTrak™ integrated over the period in which the collocated filter sampler
was operated. The 0.41 R2 value and slope of 2.5 is typical of what we have previously
measured with SCAMPER [26], indicating that the DustTrak™ emission measurements
presented here are low by this factor when compared to emission rates on a mass basis.

 

Figure 6. Comparison of PM10 filter and DustTrak™ data.
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4. Summary and Conclusions

The effectiveness of using dust suppressants to reduce PM10 reduction from unpaved
roads was quantified for segments of SR 88 and 288. The suppressant applied to SR 88 five
months ago reduced PM10 emissions by a factor of five. The suppressant applied to SR 288
a year ago reduced PM10 emissions by a factor of sixty. The SCAMPER has been shown to
collect reliable emission rates from unpaved roads with a precision of approximately 20%.
The measured emission rates, on a mass basis were approximately seven time higher than
those predicted by the AP-42 unpaved road equation.

For the haul road measurements, the average PM10 emission rates were 4.0 and
7.3 mg m−1 for the unloaded and loaded haul trucks, respectively. The ratio of these
emission rates are consistent with the weight variation predicted by the AP-42 equation for
unpaved roads. The AP-42 PM10 equation for unpaved PM10 emission rates, however, over
predicts the emission rates of this haul road by approximately a factor of approximately
170 on a mass basis for haul trucks. Based on the Expedition’s measured emission rate
on paved roads indicated that the emissions from this haul road are consistent with a
paved road.
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Abstract: The SCAMPER mobile system for measuring PM10 emission rates from paved roads was
used to characterize emission rates from a wide variety of roads in the Phoenix, AZ metropolitan
area. Week-long sampling episodes were conducted in March, June, September, and December. A
180 km-long route was utilized and traveled a total of 18 times. PM10 emission rate measurements
were made at 5-s resolution for over 3200 km of roads with a precision of approximately 25%. The
PM10 emission rates varied by over two orders of magnitude and were generally low unless the road
was impacted with dust deposited by activities such as construction, sand and gravel operations,
agriculture, and vehicles traveling on or near unpaved shoulders and roads. The data were tabulated
into averages for each of 67 segments that the route was divided into. The segment-averaged PM10

emission rates ranged from zero to 2 mg m−1, with an average of 0.079 mg m−1. There was no
significant difference in emission rates between seasons. There was a major drop in emission rates
over a weekend, when dust generation activities such as construction are expected to be much
reduced. By Monday, the PM10 emission rates had risen to the levels of the previous Friday. This
indicates that roads quickly reach an equilibrium PM10 generating potential.

Keywords: PM10; road dust; fugitive dust; particulate matter; paved roads; emission rates

1. Introduction

Particulate matter (PM) has been shown by epidemiological studies to be responsible
for premature deaths [1]. The U.S. Environmental Protection Agency has set air quality
standards for particles both of less than 10 μm and 2.5 μm in aerodynamic diameter, PM10
and PM2.5, respectively. Many government agencies have adopted these standards or
have derived similar ones. Many of these standards are exceeded in urban areas and
effective mitigation methods are necessary to meet these standards. In order to implement
cost-effective control strategies, the sources of the PM must be determined as accurately as
possible. Models have estimated that a significant amount of this material can originate
from paved roadways [2–4].

Measurement of emission rates from fugitive sources such as PM from vehicles on
roadways cannot be measured directly, but must be estimated. This has been done using
dispersion modeling [5–7], receptor modeling [8] a combination of dispersion and receptor
modeling [9,10], tracer studies [11–13], and measuring the flux of PM10 through a horizontal
plane downwind of the source [14–17]. All of these methods require significant resources
to characterize the emissions from actual roadways for inventory development in addition
to presenting large uncertainties in the results.

The U.S. Environmental Protection Agency (EPA) used detailed measurements of
PM flux through a plane for estimating the PM emissions from paved roads to derive
an empirical equation using surface silt loading and vehicle weight as metrics [18]. This
equation contains significant amounts of uncertainty and the EPA has revised it several
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times over the past decades based on reviews of the methods used. The current equation is
as follows:

E = k(sL/)0.91 (W)1.02 (1)
where:

E = Particulate matter emission rate in the units of g/VKT
k = A constant dependent on the aerodynamic size range of PM (0.62 for PM10)
sL = Road surface silt loading of material smaller than 75 μm in g m−2

W = mean vehicle weight in U.S. tons
VKT = vehicle kilometer traveled

Despite the uncertainties in this equation, it is widely used to estimate emission in-
ventories in air basins. Compounding this, since the determination of silt loading is labor
intensive and often dangerous, EPA default values for silt loading are often used to estimate
emission rates for emission inventories. More recently, the direct measurement of PM emis-
sions in real time using a moving vehicle have been reported. In one version, TRAKER™,
the concentration of PM10 is measured in the wheel well of a moving vehicle [19]. This
value is then related to an emission rate by calibrating with a downwind measurement
of PM10 flux. Other investigators have used the TRAKER approach specialized for their
own studies [20,21]. In another approach, SCAMPER (System for the Continuous Aerosol
Measurement of Particulate Emissions from Roadways), the PM10 concentration is mea-
sured in front of a vehicle and a representative point in the wake behind it [22]. With this
approach, as a first approximation the emission rate is determined by multiplying the net
concentration difference by the frontal area of the vehicle. Both TRAKER and SCAMPER
have been evaluated together using a dedicated roadway on which known amounts of
soil were evenly deposited [23]. Measurements of PM10 emission rates were concurrently
made using the flux method and measuring the silt loading. Reasonable agreement was
found between all of these methods.

The objective of this study was to use the SCAMPER to:

1. Provide actual measurements of PM10 emission rates from roadways that could be
used to construct a data-based emission inventory.

2. Evaluate the significance of construction activities on PM10 emission rates.
3. Determine if there are seasonal changes in the emission rates.
4. Evaluate the precision of the measured emission rates.

2. Materials and Methods

2.1. Test Route

The testing was conducted over streets in the greater Phoenix, AZ metropolitan area.
This climate is typical of the Sonoran Desert with less than 13 cm of precipitation per year.
No rain or other significant weather events occurred before or during the test periods.
Except as noted, wind speeds were generally less than 10 km h−1, similar to the conditions
when the SCAMPER was operated under controlled conditions [23]. Temperatures, which
were not expected to affect SCAMPER measurements, ranged from 13 ◦C in the winter to
33 ◦C in the summer. The route consisted of a mix of segments of different road types based
on their Average Daily Traffic (ADT) or number of vehicles in both directions passing a
point per day. Most segments were at least a half kilometer long so that time-integrated
measurements could be collected with reasonable uncertainty. Five segment types were
differentiated:

I: Less than 10,000 ADT: 43 km total
II: 10,000–19,999 ADT: 48 km total
III: 20,000–29,000 ADT: 12 km total
IV: Greater than 30,000 ADT: 7 km total
Limited Access: 70 km total

The route included representative lengths of all road classes (I–IV) and the limited
access or freeway (Fwy). The total length was 180 km. Figure 1 is a map of the test route
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and Table 1 identifies each segment, what class of road it belongs to, and what type of
land use area it was located in. The SCAMPER was driven at a speed corresponding to the
general flow of traffic.

2.2. SCAMPER Description

The SCAMPER determines PM emission rates from roads by measuring the PM
concentrations in front of (mounted on the hood) and behind the vehicle (mounted on
a small open trailer) using optical sensors with a 1s time resolution. The system and
its validation have previously been described [22,23]. Briefly, the SCAMPER, shown in
Figure 2, includes five major components:

Tow vehicle and Trailer: A 1994 Chevrolet Suburban was used to tow a small (3.1 m
wide by 2 m long) open flatbed trailer. The trailer was fitted with a 1 m hitch extension
to place the rear sampling inlet 3 m behind the tow vehicle at a height of 0.8 m above the
ground on the centerline of the trailer. This position was found to give PM10 concentra-
tions that were representative of the mean concentration of PM10 in the wake of the tow
vehicle [22].

PM10 Sensors: Thermo Systems Inc. (Shoreville, MN, USA) Model 8520 DustTrak™
optical PM sensors with PM10 inlets.

Isokinetic Sampling Inlets: A custom made inlet where the inlet speed is matched to
the air speed by a laptop computer that monitors the static air pressure and adjusts the
inlet pressure to match it by controlling a vacuum pump (mounted on the trailer). This
condition creates a no-pressure-drop inlet; therefore, the sampled air stream has the same
energy as the ambient air stream.

Figure 1. Map of the test route.
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Table 1. List of test route segments and road classification type.

Length Vol # of Predominant
Seg # Intersection On Street Dir km From Street To Street Class Lanes Land Use

Begin: 1st Ave/Van Buren 1st Ave SB — II 3 Commercial
1 1st Ave/Van Buren Van Buren St EB 3.2 1st Ave 20th St II 2 Commercial
2 Van Buren/20th St 20th St NB 0.8 Van Buren St Roosevelt St III 5 Mixed
3 20th St/Roosevelt St Roosevelt St WB 2.4 20th St 7th St I 1 Residential
4 Roosevelt/7th St 7th St NB 0.8 Roosevelt I-10E on-ramp IV 3 Mixed
5 I-10 East/7th St I-10 East EB 1.6 7th St SR 202 Fwy Mixed
6 I-10 East/SR 202 SR 202 EB 14.4 SR 202 SR 101 Fwy Mixed
7 SR 202/SR 101 SR 101 NB 2.4 SR 202 Thomas Rd Fwy Agricultural
8 SR 101/Thomas Rd Thomas Rd WB 3.2 SR 101 Scottsdale Rd IV 2 Residential
9 Thomas/Scottsdale Rd Scottsdale Rd SB 3.2 Thomas Rd McKellips Rd IV 3 Comm/Res
10 Scottsdale/McKellips Rd McKellips Rd EB 6.7 Scottsdale Rd Alma School Rd II 2 Agricultural
11 McKellips/Alma School Alma School Rd SB 2.9 McKellips Rd 8th St II 3 Industrial
12 Alma School Rd SB 4.8 8th St US 60 III 3 Commercial
13 Alma School/US 60 US 60 EB 12.6 Alma School Rd Higley Rd Fwy Mixed
14 US 60/Higley Higley Rd SB 2.4 US 60 Guadalupe Rd II 3 Agricultural/Res
15 Higley Rd SB 1.6 Guadalupe Rd Elliot Rd II 3 Agricultural/Res
16 Higley Rd SB 1.6 Elliot Rd Warner Rd II 1 Agricultural/Res
17 Higley Rd SB 1.6 Warner Rd Ray Rd II 1 Agricultural/Res
18 Higley Rd SB 1.6 Ray Rd Williams Field Rd II 1 Agricultural/Res

Inner Loop #1
19 Higley/Williams Field Rd Williams Field Rd WB 2.4 Higley Rd Santan Valley Pky I 1 Agricultural/Res
20 Williams Field/Santan Valley Santan Valley Pky NB 1.8 Williams Field Rd Ray Rd I 1 Agricultural/Res
21 Santan Valley/Ray Rd Ray Rd EB 2.4 Santan Valley Pky Higley Rd I 1 Agricultural/Res
18 Ray Rd/Higley Rd Highley Rd SB 1.6 Ray Rd Williams Field Rd I 1 Agricultural/Res
22 Higley Rd SB 1.6 Williams Field Rd Pecos Rd I 1 Agricultural/Res
23 Higley/Pecos Rd Pecos Rd WB 1.6 Higley Rd Greenfield Rd I 3 Agricultural/Res
24 Pecos Rd WB 1.8 Greenfield Rd Val Vista Rd I 3 Agricultural/Res
25 Pecos Rd WB 1.8 Val Vista Rd Lindsay Rd I 2 Agricultural/Res
26 Pecos Rd WB 1.4 Lindsay Rd Gilbert Rd I 1 Agricultural/Res
27 Pecos Rd WB 1.6 Gilbert Rd Cooper Rd I 2 Agricultural/Res
28 Pecos Rd WB 1.6 Cooper Rd McQueen Rd I 1 Agricultural/Res
29 Pecos Rd WB 1.6 McQueen Rd Arizona Ave I 2 Agricultural/Res
30 Pecos Rd WB 1.6 Arizona Ave Alma School Rd II 1 Agricultural/Res
31 Pecos Rd WB 1.6 Alma School Rd Dobson Rd II 1 Agricultural/Res
32 Pecos Rd/Dobson Dobson Rd NB 0.6 Pecos Road Frye Rd II 1 Commercial
33 Dobson Rd/Frye Rd Frye Rd WB 0.8 Dobson Rd Ellis Rd I 1 Commercial
34 Frye Rd/Ellis Rd Ellis Rd NB 0.6 Frye Rd Chandler Blvd I 1 Commercial
35 Ellis/Chandler Blvd Chandler Blvd WB 0.8 Ellis Rd Price Freeway II 3 Commercial
36 Chandler Blvd/Price Fwy Price Frontage Rd SB 1.4 Chandler Blvd Santan Freeway Fwy Commercial
37 Price Fwy/Santan Fwy Santan Freeway EB 8.2 Price Freeway I-10 West Fwy Mixed
38 Santan Fwy/I-10 West I-10 West NB 17.6 Santan Freeway I-17 West Fwy Mixed
39 I-10 West/I-17 West I-17 West WB 3.2 I-17W interchange 7th St off-ramp Fwy Mixed
40 I-17 West/7th Street 7th St SB 2.4 7th St off-ramp Broadway Rd III 2 Mixed
41 7th St/Broadway Rd Broadway Rd WB 0.8 7th St Central Ave III 2 Mixed
42 Broadway/Central Ave Central Ave SB 1.6 Broadway Rd Southern Ave III 2 Mixed
43 Central/Southern Ave Southern Ave WB 2.4 Central Ave 19th Ave II 1 Residential
44 Southern Ave WB 1.6 19th Ave 27th Ave I 1 Residential
45 Southern Ave WB 1.6 27th Ave 35th Ave I 1 Residential
46 Southern Ave WB 1.6 35th Ave 43rd Ave I 1 Industrial
47 Southern/43rd Ave 43rd Ave NB 1.3 Southern Ave Broadway Rd I 1 Industrial
48 43rd Ave/Broadway Rd Broadway Rd EB 1.9 43rd Ave 35th Ave I 1 Industrial

Inner Loop #2
49 Broadway/35th Ave 35th Ave SB 1.6 Broadway Rd Southern Ave I 1 Industrial
50 35th Ave/Southern Ave Southern Ave WB 1.6 35th Ave 43rd Ave I 1 Industrial
47 Southern/43rd Ave 43rd Ave NB 1.3 Southern Ave Broadway Rd I 1 Industrial
48 43rd Ave/Broadway Rd Broadway Rd EB 1.9 43rd Ave 35th Ave I 1 Industrial
51 Broadway/35th Ave 35th Ave SB 0.5 Broadway Rd Wier Ave II 1 Commercial
52 35th Ave/Wier Ave Wier Ave WB 0.6 35th Ave 38th Ave I 1 Residential
53 Wier Ave/38th Ave 38th Ave SB 0.5 Wier Ave Roeser Rd I 1 Residential
54 38th Ave/Roeser Rd Roeser Rd EB 0.6 38th Ave 35th Ave I 1 Residential
55 Roeser/35th Ave 35th Ave NB 0.8 Roeser Rd Broadway Rd II 1 Agricultural/Res
56 35th Ave/Broadway Broadway Rd EB 3.2 35th Ave 19th Ave II 1 Industrial
57 Broadway/19th Ave 19th Ave NB 1.6 Broadway Rd Lower Buckeye Rd II 1 Industrial
58 19th Ave/Lower Buckeye Lower Buckeye Rd WB 1.6 19th Ave 27th Ave II 1 Industrial
59 Lower Buckeye/27th Ave 27th Ave NB 1.6 Lower Buckeye Rd Buckeye Rd II 2 Industrial
60 27th Ave NB 1.6 Buckeye Rd Van Buren St II 2 Industrial
61 27th Ave NB 1.6 Van Buren St McDowell Rd II 2 Industrial
62 27th Ave NB 1.6 McDowell Rd Thomas Rd II 2 Industrial
63 27th Ave/Thomas Rd Thomas Rd WB 2.4 27th Ave 39th Ave II 3 Commercial
64 Thomas/39th Ave 39th Ave NB 0.8 Thomas Rd Osborn Rd I 1 Residential
65 39th Ave/Osborn Rd Osborn Rd EB 0.8 39th Ave 35th Ave I 1 Residential
66 Osborn/35th Ave 35th Ave SB 2.7 Osborn Rd I-10E on-ramp Fwy Mixed
67 35th Ave/I-10 East I-10 East EB 2.7 35th Ave I-17 E interchange Fwy Mixed
68 I-10 East/I-17 East I-17 East EB 3.7 I-10 East 19th Ave Fwy Industrial
69 I-17 East/19th Ave 19th Ave NB 2.2 I-17 East Van Buren St III 2 Industrial
70 19th Ave/Van Buren Van Buren St EB 2.2 19th Ave 1st Ave II 2 Commercial

End: Van Buren/1st Ave Total Length 180

Global Positioning System (GPS): Garmin (Kansas City, MO, USA) Map76 GPS to
determine vehicle speed and location.

272



Atmosphere 2021, 12, 1332

Data Collection System: The laptop computer was used to collect GPS and DustTrak™
data at 1 s intervals in addition to controlling the inlet vacuum pumps.

Figure 2. Photograph of the SCAMPER.

2.3. Data Quality Control and Quality Assurance

The data acquisition system recorded all data accurately. Data were downloaded from
the laptop computer and entered into Excel worksheets where all of the calculations were
made. Quality control data such as inlet pressure and various voltages were also entered
into the master worksheet in addition to GPS location, time, speed, and DustTrak values.
Data were validated from logbook entries, and by observing time series, to determine if
the results made physical sense. The flow rate and zero of the DustTraks were determined
before, after, and during test runs. The drift during the course of each test day was less than
a few thousandths of a mg m−3, near the 0.001 mg m−3 detection limit of the instrument.
The instrument is temperature sensitive and therefore the zero drift may be different for
moving and stationary modes. The data for each test run were corrected for zero offset
using the mean zero response for that day. Two DustTraks were operated collocated at the
rear during one test day to determine the precision of these instruments.

There were occasional periods when the GPS did not report data, most likely due
to interferences in the sight path to a satellite. In these cases, the cell was filled with the
average of the position before and the position after. The same was done for speed and
PM. We found that the output of the rear DustTrak occasionally spiked, either positive
or negative, most likely due to physical shock. These spikes always showed up for two
consecutive seconds. These were unlikely to be associated with an actual PM concentration
as concentrations rarely change to that degree in less than one second. This two-second
characteristic of this noise spike is also expected from the internal averaging and output
characteristics of the DustTrak. On the time constant we selected (which is the shortest
available) the DustTrak output is a two-second running average that is updated every
second. A large spike in a one-second period will therefore show up as two smaller spikes
for two consecutive seconds. To filter this noise, we tabulated the data as five-second
running medians. Two-second anomalous spikes therefore would be removed from the
data set.
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Figure 3 is a plot of the emission rates determined by operating two DustTraks
collocated at the rear sampling position for one test day, June 19th. The values from the
DustTraks are well-correlated with a slope near unity and an R2 value of 0.96. Other days
produced similar results.

 

Figure 3. Scatter plot of PM10 emission rates determined from collocated rear DustTraks.

The differences between the front and rear DustTraks were calculated and the results
were multiplied by the frontal area of the Suburban (3.66 m2), to yield the emission rate
in mg m−1. The PM emission rates for speeds less than 16 km hr−1 were excluded from
further analysis since they would be considered unreliable as the production of a well-
mixed and defined plume behind the test vehicle was unlikely. This speed was determined
visually by watching the test vehicle driven on an unpaved road as various speeds. The
emission rate data were then sorted by segments of the route based on the GPS location at
the time of data recording. Summary worksheets were prepared that included only time,
location, speed, and PM10 emission rates.

During three of the test weeks, a short loop was run repeatedly when encountered
during the test day. The 8 km long precision test loop was located at the southeast corner
of the test route and consisted of segments 18–21. It was chosen to give relatively high
emission rates due to the nearby construction activities. The precision of the measurement
was determined from these test loops. Precision can also be determined by evaluating the
day-to-day variability in the segment and loop-averaged PM emission rates. Since the
PM-producing potential of the segments may vary daily due to activities, this evaluation
may not fully represent measurement variability.

The response of the DustTraks were calibrated at the factory using Standard Reference
Material 8632 from the U.S. National Institute of Standards and Technology. The mass-
specific light-scattering response drops rapidly with increasing particle size for particles
larger than 1 μm diameter, thus a small change in the particle-size distribution can change
the response significantly. Since most PM10 regulations are based on collected mass, it
was useful to relate the DustTrak output to a mass-based emission rate. A filter-based
PM10 sampler was therefore operated collocated with the DustTrak mounted on the trailer.
PM10 filter samples (47 mm Teflo™ Ringed Filter, 2 μm pore) were collected using a Sierra
Andersen model 241 inlet adapted to a 47 mm filter holder and sampled at 16.7 l m−1.
Filters were equilibrated to 25 ◦C and 40% RH and weighed before and after collection to the
nearest microgram using a Cahn (Irvine, CA, USA) model C-25 electro-balance. Filters were
changed based on visual examination to ensure that sufficient material had been collected
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to allow for accurate mass determination and to facilitate a broad range of concentrations
so that a linear correlation would be meaningful. The average PM10 concentration was
determined from the DustTrak response during the entire sampling period.

3. Results

3.1. Precision Test Loop

Table 2 summarizes the results from 90 circuits of the test loops. While the mean PM10
emission rates were quite high in March, they dropped progressively during the year as
construction activities changed. It should be noted that the relative standard deviation
for one of the test days in March was four times higher than any of the other four days.
Removing this single day results in a relative standard deviation of 18% for the March tests.
These precision results are typical of those determined from the entire route as described in
the following section.

Table 2. Summary of PM10 emission rates results from the precision test loop.

Date # Circuits
Mean Emission

Rate mg m−1
Mean Standard

Deviation mg m−1
Relative Standard

Deviation %

March 33 1.02 0.32 38

September 38 0.111 0.029 23

December 19 0.032 0.013 41

3.2. Summary of Emission Rate Data

The test route was traveled once per day, typically starting at approximately 8 a.m.
Figures 4–7 are plots of the mean PM10 emission rates by segment for all of the test runs.
Some segments are missing due to construction activities and detours that caused speed to
be generally below 16 km h−1. For the March testing, the overall PM10 emission rate was
0.094 mg m−1 with a relative standard deviation of 21%; these values are similar for the
other three test periods.

Figure 4. Plot of PM10 emission rate by segment number starting Tuesday, 21 March.
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Figure 5. Plot of PM10 emission rate by segment number starting Monday, 19 June.

Figure 6. Plot of PM10 emission rate by segment number starting Thursday, 21 September.
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Figure 7. Plot of PM10 emission rate by segment number starting Saturday, 9 December.

It is clear that most of the PM10 emissions are due to a relatively small number of
segments, and that these high values are generally repeated for the same segments and
groups of segments for each day and for each season. The segments with high PM10
emissions were also highly variable in magnitude. This would be expected because of the
sporadic nature of activities that deposit soil onto roadways. Note that during the first
week of testing there were a number of negative emission rates. This was most likely due
to SCAMPER following earth moving or other heavy duty diesel vehicles with noticeable
exhaust smoke. These vehicles were avoided in the three remaining seasonal test sessions.

The drop in PM10 emission rates on Saturday 25 March is quite noticeable, with only
segment #23 rising significantly above the other values. This may be due to a lowered
amount of dust generation or deposition from construction activities on weekends. Exclud-
ing this anomalous day, the mean PM10 emission rate rises to 0.10 with a relative standard
deviation of 16%.

In order to more fully examine this potential weekend effect, two study periods in
September and December included weekends. Figure 4 shows a tendency for Saturday and
Sunday (23 and 24 September) to have lower emission rates. Figure 8, shows a time-series
plot of all valid data (not averaged by segment) for each day from Friday through Monday.
It is clear that the PM10 emission rates drop from Friday to Saturday and drop further
from Saturday to Sunday. By Monday the emission rates rise to nearly that of Friday and
typical for weekdays. This weekday–weekend effect is very significant as it shows that the
PM10-producing potential of the roadway can change rapidly.

During the tests conducted in December, the Sunday test was compromised by high
winds during the later portions of the test route, with gusts over 40 km h−1 which caused
dust to be blown over the roadway. The high emission rates observed in Figure 5 are
therefore not consistent with other test days.

The mean segment-averaged PM10 emission rates were sorted by the five roadway
classes based on the ADT by test period. The results are shown in Table 3 along with the
overall mean when all test periods were combined and when all classes were combined
for a test period. The standard deviations are also included. As indicated by the standard
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deviations, there was an expected large amount of variability in emission rates. The class
IV roadways (≥30,000 ADT) had the lowest emission rates followed by the freeways. The
emission rate for the other classes went up as the ADT lowered. There was no significant
variability between the seasons, although the December measurements were biased high
due to high winds causing blowing dust in the later segments.

 
(a) 

 
(b) 

Figure 8. Cont.

278



Atmosphere 2021, 12, 1332

(c) 

(d) 

Figure 8. Time series plots of PM10 emission rates for Friday, 22 September (a), Saturday, 23 September (b) Sunday,
24 September (c), and Monday, 25 September (d).
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Table 3. Summary of PM10 emission rates by season, all four seasons, and all five road types combined.

Road Type Measurement March June September December Combined

Freeway Mean, mg m−1 0.03 0.07 0.05 0.03 0.05
Freeway Std Dev, mg m−1 0.06 0.03 0.03 0.03 0.04

≥30,000 ADT Mean, mg m−1 0.00 0.05 0.04 0.00 0.02
≥30,000 ADT Std Dev, mg m−1 0.01 0.03 0.01 0.02 0.02

20,000-29,999 ADT Mean, mg m−1 0.06 0.08 0.05 0.08 0.07
20,000-29,999 ADT Std Dev, mg m−1 0.06 0.04 0.02 0.09 0.05

10,000-19,999 ADT Mean, mg m−1 0.13 0.12 0.07 0.08 0.10
10,000-19,999 ADT Std Dev, mg m−1 0.17 0.10 0.05 0.15 0.12

<10,000 Mean, mg m−1 0.17 0.18 0.10 0.19 0.16
<10,000 Std Dev, mg m−1 0.24 0.20 0.10 0.35 0.22

All Five Combined Mean, mg m−1 0.09 0.13 0.07 0.11
All Five Combined Std Dev, mg m−1 0.02 0.05 0.02

3.3. Comparison of DustTrak PM10 with Filter Samples

A large amount of scatter was observed when plotting the DustTrak measurements
with filter-based ones. This is not unexpected since the relationship between the two is
not linear with a changing particle-size distribution of the various PM10 emission sources
encountered on the roadway. In addition, the cut-point of the filter sampler may vary
with vehicle speed since the size-selective inlet was not designed for the range of speeds
encountered on the test route. For this reason, all 46 pairs generated during the four
seasonal test periods were plotted as shown in Figure 9. In the figure the least squares
correlation line is forced through the origin since filter data precision would be significantly
poorer with little collected material. There is considerable scatter, as expected, with an
R2 value of 0.46 showing a weak correlation. The slope indicates that the DustTrack data
would need to be multiplied by 3.6 to be related to mass emission rates. This is consistent
with a factor of 3.5 derived by comparing the mean concentrations.

Figure 9. Comparison of filter-based and integrated DustTrak PM10 concentrations for all test periods.
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4. Discussion and Conclusions

The SCAMPER mobile-based PM emission measurement approach has been used to
fully characterize PM10 emissions from paved roads in Phoenix, AZ metropolitan area.
PM10 emission rate measurements were made at 5-s resolution for over 3200 km of roads
with a precision of approximately 25%. It would not be economically feasible to develop
such a robust data set by performing silt measurements on the roads. The PM10 emission
rates varied by over two orders of magnitude and were generally low unless the road was
impacted with dust deposited by activities such as construction, sand and gravel operations,
agriculture, and vehicles traveling on or near unpaved surfaces (e.g., dirt parking areas
and shoulders). These impacted roads were clearly indicated in the data throughout the
study, but would be difficult to determine without a mobile measurement system. It is
unlikely that significant emissions are due to brake or tire wear from the tow vehicle since
there were many periods where the measured emissions were near the detection limit
despite high speeds on limited-access roads and braking maneuvers on the other roads. In
addition, previous testing on damp roads showed no measurable PM0 emissions. There
was no indication that the PM10 emission rate varied significantly with season. This is
not unexpected since the Maricopa County climate leads to very dry conditions most of
the time.

Of particular significance was the much lower PM10 emission rate on a weekend and
especially Sunday, when dust generating activities such as construction are much reduced.
This indicates that roads reach an equilibrium PM10 emission potential within a day. A
rapid decline, within a few vehicle passes, of PM10 emissions have been reported using
porous silica particles of various sizes impregnated with a fluorescent dye tracer [24]. By
measuring the fluorescent intensity after each vehicle passes, it was reported that over
half the particles greater than 10 μm were removed after the first two vehicles passed at
64 km h−1. Further passes had little effect on the amount of deposit. Using mobile methods
on a roadway with deposited soil, Fitz et al. [23] reported a similar rapid decrease after
several vehicle passes followed by a slow decline in PM10 emission rates.

The sporadic nature of emissions near construction activities and the fairly rapid
decrease when these activities lessen need to be taken into account when developing
emission inventories and mitigation methods. The SCAMPER could be useful in identifying
high emission episodes in real-time and verifying that the applied mitigation methods
are effective.

The DustTrak most likely measures lower PM10 concentrations compared with weighed
filter samples under these conditions because the larger particles found in suspended road
dust scatter light much less efficiently than the particles used to calibrate the DustTraks. In
our previous study it was found that the correction factor for the DustTrak was 2.8 when
sampling next to a roadway with artificially-deposited material and 2.4 when the same ma-
terial was re-suspended in a laboratory [23]. In another study using the SCAMPER in Las
Vegas, NV on public streets the factor was found to be 1.25 [22]. All of these tests showed
considerable scatter. If the SCAMPER results need to be related to regulatory-defined PM10
mass concentrations, then collocated filter sampling is recommended.

The EPA has a list of default silt loading values for normal baseline conditions which
are widely used in emission inventories. Using equation 1 and assuming that W1.02 is
2 results in the following emission rates in units of mg m−1: <500: 0.78; 500–5000: 0.29;
5000–10,000: 0.095; >10,000: 0.051; limited access: 0.027. Since the ADT breakdowns are
not consistent with the ones that we used, it is not possible to do a direct comparison. For
the limited access freeway, the mean SCAMPER value was 0.05 mg m−1. Applying the
factor of 3.5 results in an emission rate of 0.18 mg m−1, which is nearly 7 times higher
than the EPA default value. A factor of 4 results if a Class II roadway is compared to the
EPA’s > 10,000. While these values are within an order of magnitude, one must consider
that the route was chosen to include segments with significant construction activities and
therefore high emission potential. In addition, the Phoenix metropolitan area, with an
annual growth rate of approximately 3%, is one of the fastest growing in the United States
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and therefore has significantly higher construction activities than would be expected of a
typical U.S. metropolitan area, for which the default values were presumably intended.

We conclude that the SCAMPER approach can easily and safely generate more appro-
priate PM10 emission rates from paved roads that are specific to a geographical area. The
SCAMPER vehicle is representative of the vehicle mix in an urban area and can be driven at
a speed typical of the traffic flow. The speed is important since the PM10 emission rate has
been shown to be highly dependent on vehicle speed [23]. There is no need to barricade
lanes and apply labor-intensive and sometimes dangerous silt loading measurements.
Emission measurements can also be made on high-speed, limited access roadways for
which silt loading measurements are simply not feasible. One of the limitations is that
periods of high winds should be avoided since the SCAMPER has not been evaluated
under these conditions and erratic results may be obtained that are not representative
of normal weather conditions for a given location. Another limitation is that with wet
pavement we have observed emission rates that were at or below the detection limit.

The real-time SCAMPER data could be used to improve the accuracy of PM10 emission
inventories. SCAMPER is a relatively low-cost device to build and operate compared to
other measurement approaches. A major advantage is that it has been shown to not require
calibration by flux methods [23], which are labor- and equipment-intensive. In addition,
activities that may cause high emissions of PM10 from roadways can be easily monitored
for mitigation and enforcement purposes.
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