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Sporting walkways are planned features designed to facilitate physical exercise in urban areas. Potentially toxic
elements (PTEs) associated with deposited dust (DD) of urban sporting walkways (USWs), suburban sporting
walkways (SSWs) and residential sporting walkways (RSWs) in Jeddah, Saudi Arabia, were measured and
interpreted in relation to concentration, spatial distribution, pollution level and human health risk. The
elemental concentrations followed a similar pattern, but were generally lower than those in road dust. Pb, Zn, Cu,
Cd, and As had elevated Crustal Enrichment Factors (>10), ranging up to 185 for Cd. Except for Fe, Y PTE
concentrations were in the following order: USWs (1431 mg/kg) > SSWs (1073 mg/kg) > RSWs (892 mg/kg).
Based on the spatial pattern and enrichment factor, and ecological risk values, sporting walkways (SWs) had
moderate to heavy pollution levels of Cd, As, Pb, Zn and Cu, and heavy to extreme pollution level of Cd in USWs.
Cd presented a high ecological risk, accounting for 85% of the summed ecological risk indices of the elements
with elevated concentration. Carcinogenic and non-carcinogenic risks for children and adults follow the order:
USWs > SSWs > RSWs. Ingestion was the main pathway for carcinogenic and non-carcinogenic risks, well
exceeding that for the dermal and inhalation pathway. Most risks to human health were generally within the
acceptable range, although risks to children were generally higher than those to adults, by a factor of 5.5 for non-
carcinogenic risk. Incremental Lifetime Cancer Risks for individual elements did not exceed 10™* for any
element.

1. Introduction Deposited dusts contain a diverse range of both inorganic and

organic contaminants arising from natural and anthropogenic sources.

Deposited dust (DD) in urban areas is well known to be enriched in
trace elements derived from road traffic and other local and long-range
sources such as industry (Yang et al., 2020). Major contributions arise
from automotive brake and tyre wear, and abrasion of road surface
materials. Deposited dusts can be either washed from the road surface by
rainfall, or resuspended into the atmosphere, leading to dispersion of the
dust, and potential exposure of the local population through inhalation,
ingestion, and generally as a minor pathway, skin absorption.

The elevated level of potentially toxic elements (PTEs) in the different
environmental media is a significant concern, particularly for metals
including Hg, Ni, Cu, Pb, Cd, Zn, Cr, As, V, and Mn, since they are non-
degradable and may have harmful effects on human health (Nematollahi
et al., 2021; Wang et al., 2020a; Adimalla and Wang, 2018; Hassan
2018). The health risks of PTEs are dependent upon toxicity, including
carcinogenicity, and potential for exposure (Agency for Toxic Sub-
stances and Disease Registry, 2019; Rahman and Singh, 2019;
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Antoniadis et al., 2019). Some are cumulative toxins (e.g. Pb and Cd)
(Mohammadi et al., 2019; Dytlow and Gorka-Kostrubiec 2021; Osor-
io-Martinez et al., 2021). Consequently, assessment of the environ-
mental exposures and health risks of PTEs is of considerable
significance.

Increased urbanization and industrialization processes that are a
consequence of development policies in various countries of the world
have led to an increase in the concentrations of PTEs in environmental
media such as water, air, soil, dust, etc. (Pragg and Mohammed, 2019).
Anthropogenic sources of PTEs in the urban environment are vehicular
emissions, urban construction, combustion, pavement surfaces, domes-
tic waste and industrial and mining emissions, whereas natural sources
mostly involve rock and soil weathering, and subsequent atmospheric
deposition (Cowan et al., 2021; Men et al., 2020; Kusin et al., 2018;
Shaltout et al., 2019, 2020). The impact of rapid industrialization and
urbanization can influence the characteristics and sources of urban
traffic emissions and industrial pollution (Cui et al., 2020; Wang et al.,
2020Db); since both are major factors contributing to PTE pollution (Hou
et al., 2019; Kara, 2020).

Regular physical activity, such as walking, cycling, and running,
have various physiological benefits and improve well-being. During
these activities, which often occur outdoors, the human ventilation rate
and hence the volume of air entering the body are significantly
increased. As a result, human inhalation exposures are increased during
exercise (Flouris, 2006; Pierson, 1989). Exposure to elevated levels of air
pollutants for extended periods of time during vigorous exercise can lead
to a decline in cardiovascular functions, altered hematological param-
eters, and increased levels of pollutants in the bloodstream in healthy
athletes (Carlisle and Sharp, 2001; McDonnell et al., 2012; Kargarfard
et al., 2015).

In order to increase the opportunities for physical exercise, the au-
thorities in Jeddah, Saudi Arabia, have installed sporting walkways
(SW). The only previous study in walkways of Jeddah city was focused
on the nature, origin and risk assessment of PAHs in dust deposited from
ambient air on impervious surfaces on both sides of the sporting walk-
ways (Alghamdi et al., 2021). However, there are no data concerning the
concentrations, origin and human health risk from exposure to PTEs in
SWs during physical activity. Therefore, this study is the first in-depth
investigation of the pollution levels and adverse health effects of PTEs
associated with DD on surfaces alongside SWs which lead to dust
exposure during exercise on SWs. It also draws attention to the possible
importance of land use planning in selecting the locations for physical
activity facilities. The main objectives of the present study are to:1)
determine and describe the distribution patterns of the dust-bound PTEs
in the deposited dust on the SWs surfaces of Jeddah city; 2) assess the
PTE contamination levels in deposited dust using contamination indices;
and 3) evaluate the resulting possible human health risks from exposure
to dust-bound PTEs, using the USEPA risk assessment models. Such
models evaluate exposure concentrations, intakes for both adults and
children by ingestion, inhalation and dermal exposures, and the asso-
ciated level of risk. The results have utility well beyond the local context
of Jeddah. Strategies for promotion of public health worldwide include
increased exercise, which can most economically be achieved out of
doors. Hence the initiative of the Saudi authorities in providing dedi-
cated outdoor space for exercise is likely to be followed elsewhere, and
this study examines aspects of the risks posed to individuals using the
sporting walkways. The results are of utility in devising strategies which
mitigate that risk.

2. Materials and methods
2.1. Study area
Jeddah city is located in the middle of the Red Sea eastern coast of

Saudi Arabia (21.4858° N, 39.1925° E respectively) (Fig. 1) where the
origin of the city dates back to nearly 3000 years (Azzam and Ali, 2019).
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Fig. 1. Map of Jeddah city showing districts and the sporting walkways sam-
pling sites.

Its urban area is approximately 1765 km?, the total area is approxi-
mately 5460 km? (Amanah, 2022), and its population has nearly
doubled since 1995 with steady yearly growth of about 3.5% to reach
4.0 million as estimated in 2016 (Abubakar and Aina, 2016).

Jeddah’s climate is hot, humid in summer, mild and dry in winter
with an average temperature that ranges from 28 °C in winter and can
reach 40 °C in summer. The rainfall is irregular and infrequent with
approximately 52 mm on average which occurs during winter and spring
with frequent strong thunderstorms. The wind is dominantly from the
northwest, and sandstorms are frequently blown into the city. Jeddah is
considered the most important city on the eastern coast, and is the
second largest of the country after the capital, Riyadh. The city has
importance as a gateway to the holy city of Makkah Al Mukarramah
through its seaport and airport, and accommodates many historical,
industrial, commercial and tourist activities.

The city of Jeddah has contributed much to the implementation of
the Kingdom’s Vision, 2030, which stated in its social part: “Enhance
people’s walking habits” (Vision, 2016). Therefore, new public facilities
including sporting walkways have been built during the past years in the
city, and the number is increasing (Tiwari, 2022). Currently, the city
houses 23 SWs that are encouraging a large number of townspeople of
various ages to walk, jog or just relax in the open air, constructed to
improve and support residents’ wellbeing and health. SWs contain
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particular areas for bicycling, exercise equipment, seats for the elderly,
and special needs accessibility (SPA. Saudi Press Agency, 2020). SWs are
characterized by the availability of public car parks, car parks for people
with special needs, children’s play areas, food trucks, etc. However, the
majority of these walkways are surrounded by large automobile parking
areas, located on busy roads, and in some instances are near to major
intersections and highways. Photographs of a number of SWs appear in
Fig. S1.

2.2. Sample collection strategy

During the period of mid-January to mid-February 2020 as described
in our previous study (Alghamdi et al., 2021), the dust deposited from
ambient air on different impervious surfaces like lampposts, seats,
electric cabins and from windows and doors of public buildings located
on both sides of the SWs were collected. The sampling sites were located
on nine different SWs, at positions in Jeddah city displayed in Fig. 1. The
SWs were located in urban, residential and suburban areas of Jeddah
city. Twenty-seven DD samples were collected from these different SWs.
At each walkway site, samples were collected by gentle sweeping, with
new polyethylene brushes regularly pre-cleaned with deionized water to
remove any contamination. The collected samples were put in airtight
polyethylene bags, sealed, labelled and then transferred to the labora-
tory for the elemental analysis. Three DD samples, each amounting to
2-4 g, were collected from different areas from each SW. Any visible hair
or coarse grit in the samples was removed before air-drying at room
temperature. DD samples were then put in a desiccator to eliminate
residual moisture and were homogenized. Then, they were kept in
sealed polyethylene bags for elemental analysis.

2.3. Acid digestion and analysis

The glassware and filters utilized for digestion and analysis of the
elements in the DD were acid washed with a dilute HNOj3 solution,
rinsed with deionized water, and oven dried to prohibit contamination
of samples during the extraction steps. The digestion procedure of DD
samples for their elemental analysis was carried out according to USEPA
protocol 3051A (USEPA, 2007). All chemicals used for sample digestion
and analysis were obtained from the Merck Company. To determine the
concentrations of eleven (11) PTEs in DD from SWs (Fe, Mn, Zn, Pb, Cd,
V, Co, Ni, As, Cr, Cu), 0.3 g of each sample was weighed and transferred
into a pre-cleaned conical flask of 50 ml volume. Then, ten (10) ml of
aqua regia (HCl: HNOg; 3:1 v/v) was added to the conical flask and
allowed, in the fume hood, to digest overnight. After the overnight
period, the samples were placed on a hotplate for 2 h at 90 °C until
evaporated near to dryness. Thereafter, five (5) ml of deionized water
were added to the samples and heated at 100 °C on the hotplate until
close to dryness. Then, 25 ml of deionized water were added to the
samples, cooled to room temperature, and filtered through Whatman
filter paper (No. 42; pore size 2.5 pm). The digestates were stored at 4 °C
in pre-cleaned polyethylene bottle until analysis by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP - OES 5100, Thermo Fisher
Scientific, MA, USA).

2.4. Quality assurance and quality control (QA/QC)

QA/QC was carried out continuously and included dust digestion
processes and analyses of field, laboratory and reagent blanks, analytical
standards, ICP - OES 5100 calibration and detection limits in parallel
with each ten (10) digested DD samples. Calibration curves for the target
PTEs were prepared from stock standard PTE solutions. In order to
evaluate any contamination, concentrations resulting from the labora-
tory blanks, HCl and HNOs acids and the deionized water using in the
digestion process as well as filter blanks were determined by the same
analytical procedures. No PTEs were detected. To assess the precision
and accuracy of the ICP OES- 5100, standard solutions of PTEs were run
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as a sample after analyzing each ten (10) digested DD samples. The
limits of detection (LODs) for PTEs were determined from replicate
measurements of low concentration samples and their standard de-
viations. LODs for measured PTEs were 105, 85.0, 101, 140, 130, 193,
192, 80.3, 60.0, 35.0, and 130 ng/g for Pb, Cr, Mn, Co, Ni, Cu, Zn, Cd, V,
As, Fe, respectively. The relative standard deviation (RSD) estimated
from the repeated measurements of the standards was used to determine
the analytical precision of measured PTEs, and was below 2.6% for all
elements. Extraction efficiencies were high, as established by analysis of
SRM by this method in earlier work (Shabbaj et al., 2018).

2.5. Pollution characteristics

Contamination indices including enrichment factors (EFs), and po-
tential ecological risk index (ERI) were used to assess the contamination
levels of the PTEs associated with DD of the SWs.

2.5.1. Enrichment factors (EFs)

A common method to assess the degree of the anthropogenic influ-
ence upon trace element concentrations is the determination of the
enrichment factors (EFs) for elements (Okedeyi et al., 2014; Li et al.,
2017). EFs for PTEs in dust collected from SWs were calculated using
equation (1):

(Co/Coet) ampie

EF =
(B“ /B'ef) background

(€8]

where, C, and B, are the concentration of the target PTE in the DD
sample and in background crustal material, respectively. Crerand Brrare
the concentration of the reference element in the DD sample and back-
ground, respectively. Elements such as Ti, Fe, Al, Zr, and Mn, are
commonly adopted as reference elements in the calculation of EFs for
PTEs to distinguish their anthropogenic sources from naturally occur-
ring material (Mediolla et al., 2008; Neto et al., 2006). In the present
study, Fe was chosen as the reference element in the EF calculation, due
to its high natural abundance, and relatively small influence of
anthropogenic sources (Adimalla et al., 2019; Jiang et al., 2020). It is
influenced by road traffic pollution, as it is present in brake wear par-
ticles (Harrison et al., 2021), but the background level in soils is so high
that this has little influence upon road dust concentrations. Reference
concentrations of iron and other elements were derived from two
sources. The first was from the continental crust composition (Taylor,
1964; Taylor and McLennan, 1985; Bradl, 2005), and the second was the
composition of a soil sampled from a rural site 60 km from Jeddah city
(Hada Al Sham; Shabbaj et al., 2018). The degrees of PTE enrichment
were classified into six pollution classes and are shown in Table S1.

2.5.2. Potential ecological risk assessment
Hakanson (1980) suggested the potential ecological risk index to

evaluate the potential ecological risk for the environment (Perin et al.,
1985; Yi et al., 2011). Nowadays, it is broadly used in contamination
evaluations involving numerous elements (Mazurek et al., 2017; Ode-
diran et al., 2021). The potential ecological risk factor (ER) for the given
element was computed using the following equation (2) (Yuan et al.,
2014).

Cn
ER=— XTRF (2)

Cy
where, C,, is the concentration of the target elements in DD sample and
Cp is background (crustal) value of the target elements, and TRF is the
toxic response factors for the elements which are: Cd (30), Cr (2), Cu (5),
Pb (5), Zn (1), Ni (5), Mn (1) and As (10) (Hakanson 1980; Guo et al.,
2010; Odediran et al., 2021). The Potential toxicity risk index (ERI), the
summation of the individual ER values, was used to evaluate the
contamination caused by all the measured PTEs simultaneously in each
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DD sample. The formula for calculating ERI is shown in equation (3).
The values of the ER and ERI grading standards are given in Table S1.

ERI= Z EReach 3)

2.6. Human health risk assessment

To assess the non-carcinogenic and carcinogenic health risks for both
children and adults exposed to PTEs associated with DD of the SWs, the
health risk assessment models depending on those developed by the
USEPA (1989, 2011) were used. During physical activities at SWs in the
open air the townspeople of various ages are exposed to PTEs via three
base exposure routes of direct hand-mouth ingestion, nasal-oral inha-
lation and dermal contact. For the PTEs in SW dust, the summation of
the risks estimated from these three exposure routes gives the total
non-carcinogenic or carcinogenic health risks for this element for those
elements acting systemically, as opposed to acting on a single receptor
organ (e.g. the lung).

Based on the models (Equations (4)-(6)) set by USEPA (1989, 2001)
that were also utilized already in several studies (e,g. Duggal and Rani,
2018; Shahab et al., 2020; Siddiqui et al., 2020; Patel and Jain, 2022),
the average daily dose (ADD) (mg kg ™' day ') for children and adults
exposed to PTEs in DD of SWs via ingestion (ADDj,g), inhalation
(ADDjpp) and dermal (ADDgermal) pathways was evaluated. The various
exposure factors utilized to compute the ADD values are listed in
Table S2, which also defines the terms in the equations (also below). The
application of this method assumes that the dust is representative of dust
exposures throughout the day, which is an obvious simplification. No
allowance is made for higher inhalation rates during exercise, but to do
so would overestimate daily average exposures. It should also be noted
that the estimation of inhalation (equation (5)) includes the highly un-
certain term, PEF, which quantifies the relationship between deposited
dust and that aerosolized and hence available for inhalation. The models
do not account for the bioaccessibility of the elements for absorption,
and this was not measured.

C x IngR x EF x ED

—6
BW x AT x 10 )

ADD;,, =

ADD.. — Cx InhR x EF x ED ©
"t~ ""PEF x BW x AT

C x SA x AF x ABF x EF x ED o

ADD germa = BW x AT

1076 (6)

After computing the ADD, the potentially non-carcinogenic risks of
PTEs in SWs dusts were evaluated by computing the hazard quotient
(HQ) (equations (7)-(9)) and hazard index (HI) (equation (10)), while
the incremental lifetime cancer risk (ILCR) and the cancer risks (CR)
were estimated using equations (11)-(14) (USEPA, 1989; Chen et al.,
2012; Al-Harbi et al., 2021).

ADD,
HQpyy = —= 7
On="4 1 @)
ADD,,;,
HQuy=——— 8
Qi RD (8
ADD jepmal
H. lermal =~ 5 v
Quermal RD 9
Hazard index (HI) =HQj,, s HQi, + HQuermar 10)
C x{ CSFipgsion X {/ (B%) }x IngR x EF x ED
ILCR;,, = an

BW x AT x 10°
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c x{CSFm,m x o (BY) }x InhR x EF x ED

ILCR;y, = 12
" BW x AT x PEF 12
C x{csmmal x v/ (BY) }x SA x AF x ABF x EF x ED
ILCR lermal — 1
CReema BW x AT x 10° 13)
Carcinogenic risk (CR) = ILCRiugession+ ILCRinhatation 4 ILCR germar 14

where: R is the reference dose in mg kg~! day~! (USEPA, 1993), an
assessment of dose giving the highest tolerable risk to humans via daily
exposure by considering a sensitive group (children) during a lifetime;
HQ; is the hazard quotient for single route; HI is the hazards index,
non-carcinogenic risk from the different routes, and equal to the sum of
HQ; for different exposure routes. the ILCRjyg is the incremental lifetime
cancer risk via ingestion, ILCR;yy, is the incremental lifetime cancer risk
via inhalation, ILCRgermal is the incremental lifetime cancer risk via
dermal contact. C the concentrations of the PTEs (mg kg™!) in DD of
SWs, CSF is the carcinogenic slope factor, BW is the body weight (kg), AT
is the average life span (years), EF is the exposure frequency (day/year),
ED is the exposure duration (years), InhR is the inhalation rate
(m3/day), IngR is the ingestion rate (mg/day), SA is the dermal surface
exposure (cmz), AF is the dermal adherence factor (mg/cmz/h), ABF is
the dermal absorption factor and PEF is the particle emission factor
(m®/kg). PEF is the particle emission factor (m®/kg) describing aero-
solization of the dust. The complete information regarding the values of
exposure factors for children and adults used is listed in Table S2.

There is insignificant non-carcinogenic risk when HQ and HI < 1,
whereas the probability that non-carcinogenic risk occurs increases as
HQ and HI rise beyond 1 (Zhang et al., 2019; USEPA, 2001, 2011).
Likewise, ILCR and CR values below 1 x 10~* can be regarded as
acceptable or tolerable levels, values above 1 x 10~* are widely
considered to be unacceptable (potentially high risk), values below 1 x
107 are generally taken as indicative of no significant health hazard
(Gope et al., 2018; Men et al., 2018; USEPA, 1989, 2011; Islam et al.,
2020).

3. Results and discussion
3.1. Characteristics of PTEs in sporting walkways dust

3.1.1. Concentration of PTEs in sporting walkways dust

Average concentrations of the individual PTE (11 elements) con-
centrations measured in DD of the different SWs of Jeddah are sum-
marized in Table 1. The PTE concentrations in descending order were Fe
> Mn > Zn > Pb > Cu > V > Cr > Ni > As > Co and Cd, accounting
90.18. 3.66, 3.06, 0.84, 0.83, 0.48, 0.39, 0.31, 0.13, 0.07 and 0.04% of
the total PTEs concentrations, respectively. This PTEs pattern in DD of
the SWs was similar to those found in classroom and street dusts of
Jeddah city (Shabbaj et al., 2018; Alghamdi et al., 2019). The arithmetic

Table 1
Spatial variations of average PTEs concentrations in sporting walkways dust
according to their function areas.

RSW SSW Usw
Fe 11,820 11,230 10,310
Mn 377 410 505
Zn 262 333 456
Pb 67.3 89.5 128
Cd 3.6 4.8 6.8
\ 40.1 51.8 73.5
Co 5.8 7.6 10.5
Ni 25.7 331 46.3
As 10.4 13.9 19.8
Cr 32.6 41.8 59.3

Cu 67.8 88.2 127
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mean concentration values were 10,950, 445, 372, 102, 5.4, 58.8, 8.5,
37.3,15.8, 47.6, 101 mg/kg for Fe, Mn, Zn, Pb, Cd, V, Co, Ni, As, Cr and
Cu, respectively. The PTE concentrations in DD of different SWs
exceeded the background (crustal) values (Taylor, 1964; Taylor and
McLennan, 1985; Bradl, 2005) only for Zn, Pb, Cd, As and Cu. Their
mean concentration levels were 5.31, 8.13, 26.98, 8.75 and 1.83-fold
higher than those in the background, respectively, indicating that
these PTEs in DD of the SWs were strongly affected by the anthropogenic
sources (Kosheleva et al., 2018; Zhao et al., 2019; Odediran et al., 2021)
and accumulated in varied degrees. This finding is in line with Li et al.
(2013) who found that the concentration values of trace metals in urban
street dusts of a metropolitan city in China were 13 times greater than
the background values. The concentrations of Pb, Zn, and Cd in road
dusts of Ibadan were higher than the background values by 12, 2.4 and
11 times, respectively (Odediran et al., 2021).

From the comparison of Pb, Cu, Mn, Zn, Co and Cd concentrations in
SWs dust with values suggested as their maximum permissible concen-
trations (MPC): 100 for Pb, 100 for Cu, 1500 for Mn, 300 for Zn, 30 for
Co, and 3 Cd mg/kg in soil (Kabata-Pendias, 2010), only Zn and Cd were
higher than the MPC and consequently might pose appreciable human
health threats (Bali and Sidhu, 2021). According to the classification of
the coefficients of variation (CV = SD/mean value), CV values were
<0.2 for low variability, 0.2 < CV < 0.5 for moderate variability, 0.5 <
CV < 1.0 for high variability and CV > 1.0 for extremely high variability
(Pan et al., 2017). Based on the values of minimum and maximum
concentrations, standard deviation (SD) and CV (Table S3), a consider-
able range in PTE concentrations was noticed. The values of CV, except
for Fe and Mn, reveal moderate variability in the PTE concentrations in
the DD samples and refer to the observed influence of anthropogenic
activities on their levels (Yu et al., 2021; Zhang et al., 2020; Chen et al.,
2021). On the other hand, the lowest CV values for Fe and Mn indicated
weak variation and steady distribution of Fe and Mn across the different
SWs areas, suggesting they originated mainly from natural sources. The
presence of only a small gradient in Fe concentrations with the highest in
the residential samples (Table 1) justifies the use of Fe as a crustal
reference element.

The analyzed DD samples in the present study were collected from
the surfaces of the SWs, and are analogous to outdoor dustfall and street
dusts in relation to their elemental composition and sources. Until now,
although there are studies of PTEs in deposited dusts (e.g. Khodadadi
etal., 2022; Long et al., 2021; Wang et al., 2021), there are presently no
publications on concentrations of PTEs associated with DD of any SWs
worldwide. Accordingly, the PTEs in DD of SWs of Jeddah city were
compared with those found in dustfall and street dusts from different
cities across the world (Table S4). The PTE concentrations in DD of
Jeddah SWs were well within the range of those found in dusts of other
cities of the world. This observed variations in the PTE concentrations
among these cities around the world back up the concept that this
pattern of PTE contamination can be associated with anthropogenic
activities, like urbanization, traffic density, economic growth rate and
the types of fuels used, in each city.

Fig. 2 shows a comparison of elemental concentrations in SW dust in
comparison to that of road dust, as measured in Jeddah by Shabbaj et al.
(2018), for the three types of location. The profiles look remarkably
similar, with road dust concentrations slightly exceeding those in the SW
dust. The data sets were evaluated using a Student’s t-test and statisti-
cally significant (P < 0.001) differences were found between the mean
concentration of all the individual PTEs in residential road dust and
residential sporting walkways (except for Fe) and in suburban road dust
and suburban sporting walkways (except for Fe and Mn). However, no
significant differences were found between the mean concentrations of
all the individual PTEs in urban road dust and urban sporting walkways
dust. This is a clear indication that both are affected by similar sources,
and that resuspended road dust may be a major contributor to dusts on
the SW, which are often located close to roadways.
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Fig. 2. Comparison of PTE in dust of sporting walkways with those found in
road dusts in urban, suburban and residential areas. Road dust data from
Shabbaj et al. (2018).

3.1.2. Spatial variations of PTEs concentrations in sporting walkways dust

Spatial variations of PTE concentrations based on their levels in DD
of the different SWs and the classification of the SWs according to their
functional areas in Jeddah are presented graphically in Fig. 3. Except for
Fe, at all SWs, the highest individual and ) PTEs concentrations were
found at urban SWs (USWs) followed by suburban SWs (SSWs) and
residential SWs (RSWs). Statistically significant (P < 0.001) differences
were found between the mean concentration of all the individual PTEs in
RSWs and USWs and in SSWs and USWs (except for Fe and Mn). Only the
differences between the mean concentrations of Pb. V, Ni, As and Cu in
RSWs and SSWs were statistically significant (p < 0.001). Moreover, the
mean concentrations of the total ten PTEs (}_ Mn, Zn, Pb, Cd, V, Co, Ni,
As, Cr and Cu) were in the following order: USWs (1431 mg/kg) > SSWs
(1073 mg/kg) > RSWs (892 mg/kg), and only the differences between
the mean concentrations of these total ten PTEs in USWs and SSWs and
in USWs and RSWs were statistically significant (p < 0.001), indicating
that the PTEs that accumulated in DD of SWs probably derived from
anthropogenic activities. The higher levels of PTEs observed in USW
dust may be attributable mainly to vehicular emissions from the heavy
traffic along roads that run neighbouring the SW locations. Whereas the
lowest PTEs found at RSWs are attributed to the relatively decrease in
vehicular density with the absence of any emissions from the industrial
activities. So, the pattern of spatial distribution of PTE concentrations in
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Fig. 3. Spatial variations of PTE concentrations: based on their concentrations in dust of different sporting walkways, and the classification of the sporting walkways
according to their function areas; (A) all data, (B) averages for each area type and element.

the DD of Jeddah SWs was probably related to local anthropogenic
sources.

Previous studies of PTEs in street and classroom dusts (Shabbaj et al.,
2018; Alghamdi et al., 2019) showed spatial variations of PTE concen-
trations quite similar to that found in the SWs dust. Road traffic, the oil
refinery and diesel/fuel oil combustion are the three main sources of
pollution in Jeddah city (Alghamdi et al., 2015). Although the refinery
and oil-burning desalination plant are the main point sources of pollu-
tion in Jeddah city, the measured concentration gradient of PTEs be-
tween urban, suburban and residential SWs is not consistent with a
single point source, but is more probably explained by local street
vehicular density.

If this work were to be taken further to examine contributions of
individual sources (which was not one of our objectives), there are
excellent examples in the literature of the use of geostatistical models
and receptor models such as Positive Matrix Factorization to charac-
terise the responsible sources (Wang et al., 2021; Jiang et al., 2021;
Taiwo et al., 2020).

3.2. PTE pollution characteristics in sporting walkways dust

3.2.1. Enrichment factor (EF)
The degree of enrichment of measured PTEs in DD of SWs in Jeddah
varied from light to extreme enrichment with the classification criteria

of enrichment factors (EFs) (Table 2). Enrichment Factors were calcu-
lated both with respect to global average crustal composition and local
background soil. Although the absolute values shown in Table 2 differ,
the general pattern of values is similar for the two sets of reference data.
The mean EF values of PTEs in DD of SWs of Jeddah estimated with
respect to the global average crustal composition displayed the
following increasing trend: Co < V < Mn < Cr < Ni < Cu < Zn < Pb < As
< Cd (Table 2). EF values lower than 2 (light enrichment) were found for
Mn, V, Ni, Co and Cr in RSWs, and for Co and V in SSWs, indicating that
these PTEs originate largely from natural sources like crustal erosion and
wind-blown soil minerals (Dytiow and Gorka-Kostrubiec, 2021). EF
values ranged from 2 to 5 were detected for Mn, Ni and Cr in SSWs, and
for Mn, V, Co, Ni and Cr in USWs, suggesting they were moderately
enriched. The refinery and desalination plant are expected to emit V and
Ni from fuel oil combustion, but do not appear to be major contributors
to contamination. EF values from 5 to 20 were found for Zn and Cu in
RSWs and Cu in both SSWs and USWs, indicating they were significantly
enriched, while values from 20 to 40 were recorded for Pb and As in
RSWs, Zn, Pb, and As in SSWs and Zn in USWs, suggesting they were
strongly enriched. Furthermore, the EF values for Cd in all SWs and Pb
and As in USWs were higher than 40, indicating they were extremely
enriched. The results of EF evaluation indicated that the five PTEs (Zn,
Pb, Cd, As and Cu) in the DD of different SW areas had EF values higher
than 5. These results were similar to those found in classroom and street
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Table 2
Comparison of EFs of potentially toxic elements in sporting walkways dusts and road dusts of different functional areas based on global crustal average data and local
background soil.

Fe Mn Zn Pb Cd \ Co Ni As Cr Cu
Residential sporting walkways EF" 1.00 1.89 17.85 25.63 85.15 1.41 1.11 1.63 27.46 1.55 5.87
EF® 1.00 1.13 5.07 6.92 14.01 1.80 1.98 1.83 7.22 1.24 5.26
Residential road dust EF" 1.00 217 20.56 33.27 110.36 1.84 1.44 212 36.33 2.00 7.61
EF" 1.00 1.30 5.84 8.98 18.13 2.34 2.57 2.37 9.55 1.61 6.81
Suburban sporting walkways EF* 1.00 2.16 23.84 35.86 119.73 1.92 1.51 2.21 38.76 2.10 8.04
EF” 1.00 1.30 6.77 9.69 19.67 2.45 2.70 2.48 10.19 1.68 7.19
Suburban road dust EF" 1.00 2.32 27.52 44.52 147.69 2.38 1.87 2.74 47.56 2.57 9.96
EF® 1.00 1.39 7.81 12.02 24.26 3.03 3.33 3.07 12.50 2.06 8.91
Urban sporting walkways EF" 1.00 2.90 35.56 55.85 184.82 2.97 2.30 3.37 60.07 3.24 12.56
EF” 1.00 1.74 10.10 15.08 30.37 3.78 4.10 3.78 15.79 2.59 11.24
Urban road dust EF* 1.00 2.61 31.93 51.66 171.38 2.76 2.17 3.18 55.20 2.98 11.56
EF® 1.00 1.57 9.07 13.95 28.16 3,51 3.86 3.56 14.51 2.39 10.34

# based on global crustal average data.
b based on local background soil.

dust of Jeddah (Shabbaj et al., 2018; Alghamdi et al., 2019). Traffic
emissions (brake dust, tire tread and, lubricating oil leakages) probably
explain much of the Cu and Zn (Harrison et al., 2012). Incinerators are
widely associated with the emission of Cd, Cu, Pb, As and Zn (Zhao et al.,
2019, 2021; Patel and Jain, 2022; Mondal et al., 2020; Bourliva et al.,
2018; Wang et al., 2019; Srithawirat and Latif, 2015; Al-Taani et al.,
2019), and are a possible contributor. Corrosion processes under the
influence of weather conditions may cause release of metals from street
furniture such as street safety barriers, lamps and railings that often
contain PTEs such as Zn, Cu, Cd and Cr (Bernardino et al., 2019; Novo
et al.,, 2017; Trujillo-Gonzalez et al., 2016; Kamani et al., 2015),
although corrosion in the dry atmosphere of Jeddah may be slower than
in many other locations. Previous studies (Khodeir et al., 2012; Shabbaj
et al., 2018; Alghamdi et al., 2019; Lim et al., 2018) have reported that,
in despite of phase-out of Pb additive in gasoline in Saudi Arabia in 2001
(Aburas et al., 2011), the historical contamination of Pb can persist in
the environment of Jeddah as a fraction of traffic-produced street dust
with its long half-life and can also be resuspended (Nematollahi et al.,
2021; Wang et al., 2020b). Similar processes have also been observed in
London (Resongles et al., 2021), although brake dust may also be a
source of lead.

3.2.2. Ecological risk assessment

The potential ecological risk factors (ER) of the measured eight PTEs
(Cd, As, Pb, Cu, Zn, Ni, Cr, and Mn) in the DD of Jeddah SWs were
calculated and are represented in Fig. 4. The pattern of ER for these PTEs

follows similar distribution patterns in the different SW areas: ER values
in descending order were Cd > As > Pb > Cu > Zn > Ni > Cr > and Mn at
all SWs, with highest values at USWs followed by SSWs and RSWs. The
ER values were 537,717, 1015 and 809 for Cd, 57.7, 77.4, 110, and 87.5
for As and 26.9, 35.8, 51 and 40.6 for Pb at RSWs, SSWs, USWs and All
SWs, respectively. Based on the classification criteria of ER (Table S1),
Pb showed lower ecological risk at RSWs and SSWs and moderate
ecological risk at USWs. ER values of 40 < ER < 80 were found for As at
both RSWs and SSWs, indicating moderate risk to the ecological envi-
ronment. As showed considerable ecological risk (80 < ER < 160) at
USWs. On the other hand, Cd showed higher ER values (ER > 320) at all
the different SWs, demonstrating high ecological risk for this element to
the environment, representing 84.7% of the ecological risk indices (ERI)
of the total PTEs. The results indicate that Cd is the major contributor to
the ecological risk in DD of Jeddah SWs, and control of its emission is
important to limit any threats to the ecosystem. Previous studies on the
metals in road dust in Beijing and other areas reported that the higher
ecological risk was associated with Cd (Men et al., 2018; Ni et al., 2018).
Ecological risk indices (ERI) in this study were evaluated by summing
the individual ER for the measured PTEs (Fig. 4). All SWs (RSWs, SSW5s
and USWs) showed ERI values higher than 600, meaning that these SWs
were exposed to very high potential ecological risk. The highest ERI
value (1199) was found in USWs, whereas the lowest value was in RSWs
(634), attributed to the higher traffic density around the USWs. Kamani
et al. (2017) reported that the highest ERI values were related to bad
traffic jams in the centre of Tehran, Iran. In the present study, the ER and
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Fig. 4. Variation of potential ecological risks for PTEs in deposited dust of residential, suburban, urban and all sporting walkways.



M.A. Alghamdi et al.

ERI results are consistent with EF results.
3.3. Human health risk assessment

The carcinogenic and non-carcinogenic health risks for both children
and adults were computed via three pathways (dermal, ingestion and
inhalation), and then the hazard quotients (HQs: HQjing, HQinn and
HQgermal), hazard index (HI) and incremental lifetime cancer risk (ILCR)
and cancer risk (CR) of PTEs in DD of SWs were evaluated.

3.3.1. Non-carcinogenic risk

Based on the concentrations of PTEs in DD of different SWs, the
HQjng, HQinh., HQderma and HI for both children and adults exposed to
PTEs associated with DD of USWs, SSWs, RSWs and all SWs were
calculated and are listed in Table S5. These are based upon the Reference
Doses listed in Table S6. The values of HI for the individual PTEs and
their sum, for children and adults at the different SWs based on their
location were in the order of USWs > SSWs > RSWs. At all SW areas, the
HQ values for the different exposure pathways of measured PTEs
decreased in the following order: ingestion > dermal contact > inhala-
tion. At all SW locations, the HI, HQjng and HQjyp, of children were higher
than for adults in the different SWs, whereas HQgermal for adults were
higher than for children. The HI, HQj,g and HQjnp, for children, respec-
tively, were 5.5, 9.3, and 2.8 times than those for adults, whereas
HQgermal for adults was 2 times than that of children. The higher HQjyg
for children than adults may be attributed to the raised inclination of
children to ingestion dust-bound potentially toxic elements probably
due to the habit of taking each thing into their mouth, indifference to
cleanness, and playing in dusty surrounding settings (Habil et al., 2013;
Latif et al., 2014). Similar results already have been reported in previous
studies (Qadeera et al., 2020; Chen et al., 2017; Zheng et al., 2010).

The percentage risk contributions via HQjng, HQinn and HQgermal to
the HI for children were 93.8, 2.47 and 3.74% (RSWs), 94.4, 1.93, and
3.65% (SWSs) and 94.96, 1.44, 3.60% (USWs) and 94.6, 1.7 and 3.6%
(all SWs), respectively. Likewise, the risk contributions of HQjng, HQjnn
and HQgermal to the HI for adults were 54.1, 4.79 and 41.1 at RSWs, 55.4,
3.80 and 40.8% at SSWs, 56.4, 2.88 and 40.7% at USWs and 55.8, 3.5
and 40.8% at all SWs, respectively. Accordingly, ingestion was the main
exposure pathway of PTEs associated with DD of the SWs in both adults
and children, followed by dermal and inhalation pathways; similar
trends were found in numerous previous studies (Chen et al., 2019;
Ferreira-Baptista and De Miguel, 2005; Men et al., 2018; Shabbaj et al.,
2018; Alghamdi et al., 2019).

HQs exceeding or equalling one (HQs >1) suggest unsafe risk
(harmful health effects), whereas HQs lower than one (HQs <1) indicate
an acceptable hazard level (USEPA, 2011). Based on the exposure to
>"PTE concentrations, only the values of HQjng and HI for children were
higher than the safe level (>1), they were 1.1, 1.45 and 2.03 for HQjpg,
1.2,1.5and 2.1 for HI at RSWs, SSWs and USWs (Table S5), respectively.
These results reveal that children faced more potential health risk and
“an unacceptable hazard level” through ingestion of Y PTEs in DD of
SWs in Jeddah city. Regarding the individual PTE concentrations in DD
particles collected from RSWs, SSWs, USWs and all SWs of Jeddah,
HQjng, HQinh, HQdermal and HI values for all measured PTEs were within
the safe level (<1), with highest values for As, Pb, Cr and Mn at the
different SWs (Table S5). Moreover, HQjyg and HI values for children
only from exposure to As, Pb, Cr and Mn at the different SWs were above
0.1. The HQing and HI were also above 0.1 for adults exposed to V in
SSWs and USWs. High levels of potentially toxic metals (PTMs) can
cause severe developmental and neurological health impacts, particu-
larly for children due to higher exposure rates of PTMs with regard to
their body weight (Ali et al., 2017; Cheng and Hu, 2010; Li et al., 2014).

The percentage risk contribution of HI for each PTE to > HI for all
PTEs in the different SWs indicated that As was the dominant contrib-
utor to non-cancer effects in the different SWs, and it represented 37.2%
and 23.0% (RSWs), 38.8% and 24.4% (SSWs), 39.6% and 25.2%

Atmospheric Pollution Research 14 (2023) 101649

(USWs), and 39.0% and 24.6% (all Jeddah SWs) of the total effects for
children and adults, respectively. As a result, the probable non-
carcinogenic risk from PTEs, especially for As, Pb, Cr and Mn, in dust
of Jeddah SWs cannot be neglected, since any further increase in the
anthropogenic activities may raise their contamination levels and hence
health risk.

3.3.2. Carcinogenic risk

Incremental lifetime cancer risk (ILCR) is used as an index to esti-
mate the cancer risks after simultaneous exposure through three path-
ways (ingestion, inhalation, dermal). Among the measured eleven PTEs,
ILCR for six PTEs (Cr, Ni, Cd, Pb, Co and As) were selected and
considered to assess carcinogenic risk (Li et al., 2018) for children and
adults, and are listed in Table S7. These are based upon cancer slope
factors listed in Table S8; in the case of Co, these were available only for
the inhalation exposure pathway. From the calculated ILCR (ILCiyg.,
ILCRjnh., ILCRgermal) and total cancer risk (CR = ) ILCRjyg + ILCRjyp +
ILCRgermal) for children and adults from the exposure to individual and
>"PTEs in DD of different SWs (Table S7), the sequence of cancer risks
(ILCRs and CR) of the different areas was USWs > SSWs > RSWs. This
difference in cancer risks among the three SW areas reflected the
considerable effects of source emissions of PTEs on the health risk. Based
on the exposure pathways, ILCR values for children and adults at various
SWs decreased in the following order: ingestion > dermal contact >
inhalation; a similar kind of trend was reported in previous studies
(Duggal and Rani, 2018).

The contributions of ILCRjg to the CR were 73.3% and 58.5%
(RSWs), 73.3% and 57.6% (SSWs) and 76.2% and 57.5% (USWs) for
children and adults, respectively, indicating that ingestion is the main
responsible pathway for CR in both children and adults. These results are
in agreement with Odediran et al. (2021) who reported that ILCRjyg
represented 99.83% and 97.04% of CR for children and adults, respec-
tively, from exposure to road dust. At each and all SWs (Table S7), the
results for ILCRjng, ILCRisp, ILCRdermal and CR from exposure to the in-
dividual and ) PTEs indicated that ILCR;,; and CR were higher for
children than adults and vice versa for ILCR;,,. On the other hand, there
are no differences between the values of ILCRgermal for children and
adults. The ILCRyyg for children was 2.24-2.33 times than that for adults,
whereas ILCR;yp, for adults was 1.41-1.45 that of children. Moreover, the
CR for children were 1.85 (RSWs), 1.76 (SSWs) and 1.75 (USWs) times
than that of adults, showing them to be the most at-risk group. This is in
agreement with Ali et al. (2017) who found that health risks for children
from exposure to heavy metals were higher by 1.9-15 times than that of
adults. CR for the various PTEs in all SWs ranked the following order: Ni
> Cr > As > Cd > Pb > Co. If incremental cancer risks of >10~* for a
single element are taken as unacceptable, cancer risks, although not
negligible, do not exceed this level.

3.4. Limitations of the study

The research is very much a preliminary scoping of possible risk
associated with SW use. It is limited in terms of the number of SWs
sampled, and the elements analyzed. PAH have been assessed in a par-
allel study (Alghamdi et al., 2021), but other organic compounds have
not been assessed. A more comprehensive study would remedy these
deficiencies, and with a larger dataset could apply geospatial techniques
and receptor models to identify sources of contaminants, as reported by
Wang et al. (2021), Jiang et al. (2021) and Taiwo et al. (2020).

4. Conclusions

This study has met its overall objectives. It has sampled dusts from a
number of SWs across Jeddah representative of different areas of the
city. The levels of contaminants have been established and compared
with contaminant indices and used in an evaluation of risks to adults and
children. Out of the eleven PTEs measured in DD collected from different
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SWs in Jeddah, only the mean concentrations of Pb, Zn, Cu, Cd, and As
were noticeably higher than the corresponding background values.
Their concentration levels were 5.31, 8.13, 27.0, 8.75 and 1.83 fold
higher than those in the background, respectively. The mean concen-
trations of the total ten PTEs (>_Mn, Zn, Pb, Cd, V, Co, Ni, As, Cr and Cu)
in DD were in the following order: USWs (1431 mg/kg) > SSWs (1073
mg/kg) > RSWs (892 mg/kg), indicating that this PTEs probably derived
from anthropogenic activities, and their highest levels in USWs might be
attributed mainly to the vehicular emissions from the heavy traffic
density along roads that run adjacent to SW locations. This is supported
by the very similar concentration profile of PTEs in road dust sampled in
Jeddah (Shabbaj et al., 2018) to that from the SWs. EF estimates showed
that Pb, As, Zn, and Cd varied from strongly enriched to extremely
highly enriched, suggesting that these PTEs were very largely affected
by anthropogenic sources. All SWs were exposed to very high potential
ecological risk, with the highest ERI value in USWs attributable to the
higher traffic density around the USWs. Cd is the major contributor to
the ecological risk in DD of Jeddah SWs, representing 84.7% of the
ecological risk indices (ERI) of the total PTEs, and control its emission is
important to limit any threats to the ecosystem. ER and ERI results are
consistent with the EF values, confirming that monitoring of the Zn, Pb,
Cd, and As concentrations in DD of SWs is recommended to be contin-
uously to be in place to safeguard ecosystem health.

The health risk model revealed that the hazard quotient (HQ) values
for non-carcinogenic risk and incremental lifetime cancer (ILCR) values
for carcinogenic risk followed the trend of ingestion > dermal contact >
inhalation, indicating that the direct hand-to- mouth intake is the major
significant route for both non-carcinogenic and carcinogenic risks from
SWs dust. HQ, ILCR, Hazard index (HI), cancer risk (CR) for children
were higher than that for adults, suggesting that children were more
exposed to both non-cancer and cancer risks than adults during physical
activities on SWs. The CR, HI, ILCRi,g and HQjng risks posed by ) "PTEs in
children were higher at all SWs, confirming that children were more
prone to both non-cancer and cancer risks during physical activities on
SWs, as is typically the case. However, no significant cancer and non-
cancer risks were observed from the dermal and inhalation pathways.
The sequence of cancer and non-cancer risks of the different SWs based
on their areas was USWs > SSWs > RSWs. Considering that SW use is
likely to be for a few hours, at most, of the day, the risks associated with
PTE exposure are unlikely to be large.

In general, this study showed the effect of pollution sources, partic-
ularly traffic emissions, on the spatial variations of pollution levels, and
consequent ecological and human health risks arising from the exposure
to PTEs associated with dust of Jeddah SWs. Therefore, the output of this
study could serve as significant data for further evaluation of exposure
and health risks for SWs in Saudi Arabian cities, and those in other
countries that adopt SWs to encourage physical exercise. The data can
also raise awareness amongst pertinent stakeholders regarding exposure
during physical activities on SWs, and can help inform the processes for
selecting the future locations of SWs. Significant findings include the
close relationship between levels of dust on SWs and those in locally
sampled soils. This gives a clear message in terms of selection of loca-
tions for developing SWs in order to minimise ecological and human
health risk.
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