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ABSTRACT

Rapid urbanization and industrial activity in arid regions can increase the accumulation of heavy metals (HMs) in road dust. This
issue is particularly relevant in arid urban environments, where limited rainfall and frequent dust resuspension may enhance the
persistence and redistribution of metal-contaminated particles. This study aimed to assess the accumulation of HMs (Zn, Cu, Cr,
Pb, and Cd) in road dust and roadside vegetation of Ramadi City, Irag. Road dust and plant samples were collected from highway,
industrial, mixed-use, and residential roads, along with a control site located away from major traffic and industrial activity. The
samples were digested using a tri-acid mixture, and metal concentrations were determined by flame atomic absorption spectroscopy.
Road-dust contamination was evaluated using the Geo-accumulation Index (Igeo), Pollution Load Index (PLI), Degree of Contam-
ination (CD), Potential Ecological Risk Index (PERI), and Integrated Pollution Index (IPI). The efficiency of plants to accumulate
metals from road dust was estimated using the bioconcentration factor (BCF). Statistical analysis showed significant spatial variation
among road categories, suggesting anthropogenic enrichment (p <0.01). Industrial and mixed-use sites generally showed the highest
contamination and ecological risk levels, while residential sites showed lower but still detectable metal accumulation. The levels of
heavy metals in plant tissue were reported in the following abundance order: Zn > Cr > Cu > Pb > Cd; both Cd and Cr exceeded the

reported permissible limits. The BCF values were below 1 for all studied metals, indicating that the sampled vegetation behaved


mailto:dralwaisi@uoanbar.edu.iq

NEPT 2 of 28

mainly as a metal excluder rather than a hyperaccumulator. The high aridity of the climate in Ramadi may contribute to the persis-
tence and redistribution of metal-contaminated dust through aeolian transport, particularly from industrial and traffic-intensive areas
toward adjacent urban zones. The findings highlight the need for regular monitoring, dust-control measures, and source-reduction

strategies to limit further accumulation and potential ecological exposure in arid urban environments.

1. INTRODUCTION

Environmental pollution remains a major global concern because of its effects on ecosystem quality and human
health. Among the different classes of pollutants, heavy metals are of particular concern because they are persistent,
non-biodegradable, and capable of accumulating in environmental media and biological tissues (Landrigan et al. 2018;

Shartooh et al. 2018).

Heavy metals are environmental contaminants that can affect soil quality, vegetation, animals, and humans, depend-
ing on their concentration, chemical form, exposure route, and duration of exposure. The primary sources of heavy metal
pollution are industrial emissions and human activities. Heavy metals may occur naturally in soils through parent-ma-
terial weathering, but elevated concentrations are often associated with anthropogenic inputs (Alloway 2012). Important
anthropogenic sources include industrial emissions, fuel combustion, vehicle exhaust, brake wear, tyre wear, waste dis-
posal and resuspension of contaminated dust (El-Sergany et al. 2011). Fine particle-size fractions of dust and soil are
good indicators of the bioavailability of metals and may be more relevant for exposure assessment than bulk soil samples
due to their higher potential for dermal adherence and either inhalation or ingestion (Madrid et al., 2008; Arunachalam
et al., 2026).

Furthermore, heavy metals can act as environmental stressors that affect plant growth and physiological functioning.
When metal concentrations exceed their natural levels in the soil, they impose pervasive and toxic effects on the entire
plant system (Bharti & Sharma 2022). Plants can absorb metals through the root system and may also retain metal-
bearing particles deposited on leaf surfaces. Their presence becomes toxic when their concentration increases within the
plant tissue, changing the plant's capacity to uptake and accumulate non-essential elements that may cause direct and/or
indirect effects that harm plant health (Musa et al. 2024). The presence of these metals in the food chain constitutes a
serious threat to health (Ali & Khan 2019). Soil pollution with HMs resulting from petrochemical processes can affect

ecosystems and may create exposure pathways through contaminated vegetation (Gupta et al. 2022).
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Road dust pollution with HMs poses an important environmental concern in urban areas because fossil fuel com-
bustion, industrial activity, moving vehicles, tire wear, brake wear, and road-surface abrasion generate metal-containing
particles. Road type is an important factor in determining the intensity of emissions sources and human activities, and
in estimating heavy-metal concentrations. Higher concentrations are often reported on industrial and highway roads
compared to residential and agricultural roads. This is due to direct emissions from factories, storage operations, heavy
truck traffic, tire wear, and fuel use. In residential areas, pollution sources are mainly associated with local traffic emis-
sions and home heating. Mixed-use roads may show elevated contamination because traffic emissions, commercial
activity, and small-scale workshops can occur in the same area (He et al. 2021). Additionally, exposure may occur
through skin contact, respiratory inhalation, and ingestion via the food chain. Long-term exposure to metal-contaminated
dust has been associated with adverse health outcomes, although the level of risk depends on metal concentration, par-
ticle size, exposure frequency, and population vulnerability (Lu et al. 2025).

Ramadi City is located in an arid region of Iraq where limited rainfall, high temperatures, and frequent dust events
may favor the accumulation and redistribution of contaminated road dust. The city also includes major transport routes,
residential zones, mixed-use areas, and industrial activities, making it suitable for examining how road function influ-
ences heavy-metal distribution. However, information on heavy-metal contamination in road dust and associated road-
side vegetation in Ramadi remains limited. Therefore, this study assessed the spatial distribution of Zn, Cu, Cr, Pb, and
Cd in road dust and roadside vegetation along major transport routes in Ramadi City. The study also applied multiple
pollution indices and the bioconcentration factor to evaluate contamination status, ecological risk, and metal transfer

from road dust to vegetation.

2. MATERIALS AND METHODS

2.1. Study area description

Ramadi City, one of the major cities of Anbar Governorate, is located in west-central Iraq. Anbar covers approxi-
mately one-third of Iraq’s total land area, and Ramadi serves as an important urban and transport hub along the Euphrates
River. Its significance is further increased by its location on major international transit routes connecting Iraq with
neighboring countries. The region is characterized by a desert climate, with high temperatures and minimal precipitation

throughout the year. These climatic conditions, particularly low rainfall and frequent dust events, play a crucial role in
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the accumulation and distribution of heavy metals in road dust (Al-Bayati & Al-Ani 2025). The route locations were

recorded using a Garmin 72 GPS.

2.2. Sample collection

In Ramadi City, road dust samples were collected systematically from four road categories: highway, industrial,
mixed-use, and residential roads. Highways were defined as high-speed transport routes with relatively high volumes
of heavy-duty vehicles. Industrial roads were located close to industrial activities and workshops. Mixed-use roads
included both commercial and moderate volumes of traffic, while residential roads were found within areas with lower
overall traffic volumes. The plant species Conocarpus erectus was selected to assess heavy-metal accumulation in road-
side vegetation and to calculate bioconcentration factor (BCF) values. Its widespread presence in all sample collection
areas during the current study, coupled with its evergreen nature and tolerance to the arid conditions characteristic of
the study area, made it a suitable choice. Previously, it has been used to estimate heavy metals in soils in several countries
(Rastmanesh et al. 2024). Furthermore, it is considered an important bioindicator of heavy metal pollution due to its

ability to accumulate metals within harvestable plant parts and its high bioconcentration ratio (Almehdi et al. 2019).

Each of the four road categories was sampled at five sites, designated L1, L2, L3, L4, and L5. At each site, three
subsamples were collected and analyzed to form one composite road-dust sample. Thus, 20 composite road-dust samples
were collected, along with 20 plant samples from vegetation adjacent to the corresponding road-dust sampling sites. A
control site (CS) was selected approximately 18 km away from industrial plumes and traffic emissions to provide base-
line values for comparison (Table 1; Fig. 1). This allowed comparison between road-influenced sites and background
conditions with limited direct influence from traffic or industrial activity. Road dust was collected using a plastic broom
and dustpan to prevent contamination from metallic sampling tools. After collection, all sampled materials were placed
in pre-labelled airtight bags and transported to the laboratory, where they were then dried, sieved using 106 um sieve,

and chemically analyzed (Ali et al. 2025).

Table 1: Information of the sample collection sites.

Road category

Road type Highway Industrial Mixed Residential

Location L1 L2 I3 14 L5 L1 L2 L3 14 L5 LI L2 L3 L[4 L5 L1 L2 L3 L4 LS s
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Fig. 1: Location map of the selected sampling routes.

Samples were dried at 105°C for 24 hours and sieved through a 106 um sieve; the fraction smaller than 106 um was
selected for analysis. Vegetation samples were also collected from areas adjacent to the road-dust sampling sites to
determine the concentrations of the studied heavy metals in above-ground plant tissues. One gram of each oven-dried
and ground plant and road-dust sample was digested at 80°C with 15 mL of a tri-acid mixture containing HNOs, H>SO4,
and HClO; in a 4.5:1:1 ratio. The mixture was stirred until homogeneous.

Subsequently, the mixture was placed in a microwave system where the power, temperature, and time were set

according to the conditions specified in Table 2. Upon completion of the digestion period, the mixture was left to cool,



NEPT 6 of 28

filtered using Whatman filter paper grade 595, and adjusted to a volume of 50 mL by adding distilled water (Chandel &

Bharose 2020).

Table 2: Microwave conditions.

Temperature Energy Time Volume Mixture of acids
150°C 1050 W 20 min 15mL HNO3:H2SO4:HCIOs4,
4.5:1:1

2.4. Standard solutions and flame atomic absorption spectroscopy analysis

Standard solutions of 1000 mg/L of Zn, Cu, Cr, Pb, and Cd were prepared by dissolving the required mass of each
corresponding metal salt in 1 L of deionized distilled water (DDW). The solutions were stored in glass containers at 4°C
for further analysis. The optimal operating conditions for the flame atomic absorption spectroscopy (FAAS)
system (AA-7000, Shimadzu, Japan) were established, with the specific limit of detection (LOD), limit of
quantification (LOQ), wavelength, and flame type for each analyzed element detailed in Table 3 (Zhang 2024).
For the quantification process, a series of working standard solutions was prepared by diluting a 1000 mg/L
stock solution to cover the expected concentration range of the analytes, as specified in the calibration data
shown in Table 3. Since the digested sample solutions exhibited an acidic pH ranging from 4.0 to 6.5, which
can influence the flow rate within the nebulizer, the standard solutions were similarly acidified with 4-5 drops
of concentrated nitric acid HNOs3 to ensure matrix matching and consistent aspiration. Elemental concentra-

tions were then measured using FAAS.

Table 3: Flame atomic absorption spectrometer calibration data.

Element Wavelength Flame type LOD LOQ
(nm) Air/Acetylene (mg/L) (mg/L)

Pb 217 Ordinary fuel 0.003 0.021

Cd 228.8 Ordinary fuel 0.002 0.014

Cu 324.8 Poor fuel 0.004 0.021

Cr 357.9 Rich fuel 0.005 0.035

Zn 213.9 Poor fuel 0.003 0.021

2.5. Pollution assessment methods

A geochemical assessment was used to evaluate heavy metal (Zn, Cu, Cr, Pb, and Cd) contamination levels in
Ramadi road dust. Five environmental indices were used to assess contamination intensity and possible anthropogenic
enrichment: 1) Geo-accumulation index (I-geo), 2) Pollution load index (PLI), 3) Degree of contamination (CD), 4)

Potential ecological risk index (PERI), and 5) Integrated pollution index (IPI).
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For plants, the bioconcentration factor was used to assess the accumulation of metals (i.e., Zn, Cu, Cr, Pb, Cd) in
their tissues. BCF was calculated as the ratio of the metal concentration in plant tissue to the concentration of the same

metal in the corresponding road-dust sample.
2.5.1. Geo-accumulation Index (I-geo)

The Geo-accumulation Index (/-geo) is an established geochemical index for assessing metal contamination in all
types of environmental media, including road dust (Gatuszka & Migaszewski 2025). The I-geo measures the concen-
tration of one element in a sample relative to its natural or pre-industrial background level. Thus, it provides an indication
of metal enrichment relative to background conditions. The formula for calculating Igeo is as equation: (1) (Islam et al.

2020).

£5m)

1.5Bm - (M)

Igeo = log, (

where Cm represents the concentration of metals in the road-dust sample, while Bm denotes the background value
of the same metals. To account for potential fluctuations in the background data, a factor of 1.5 was applied, enhancing
the reliability of the comparison against baseline values. The values can then be categorized into different pollution

classes (Alghanimi et al. 2024), as in Table 4.

Table 4: Geo-accumulation index levels

Igeo Class Igeo Value Contamination category
0 Leeo <0 Uncontaminated
1 Igeo 0-1 Uncontaminated to moderately contaminated
2 Igeo 1-2 Moderately contaminated
3 Igeo 2-3 Moderately to strongly contaminated
4 Igeo 3-4 Strongly contaminated
5 Tgeo 4-5 Strongly to very strongly contaminated
6 Igeo >5 Very strongly contaminated

2.5.2. Pollution Load Index (PLI)

The Pollution Load Index is a geochemical tool used to determine the collective level of heavy metal contamination
in soil, sediment and dust. Unlike individual contamination factors, the PLI provides a comprehensive summary of the
total pollution burden at a site (Skvarekova et al. 2021). The Contamination Factor (CF) and PLI were calculated using

the following equations (2), (3) (Tomlinson et al. 1980):

CF =1 (2
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PLI = (CF, X CFy X CF3 X CF, X CF5 X ... X CE)'/™ (3

where Cm represents the metal concentration in road dust, Bm is the background value of the metal, n represents the
number of elements. PLI value of less than 1 indicates no pollution, whereas a value greater than 1 indicates pollution

(Pancholi et al. 2022).
2.5.3. Contamination Degree (CD)

The Contamination Degree (CD) is a cumulative index that quantifies the total intensity of pollution by summing
the contamination factors of all individual metals identified at a sampling location. It provides an estimate of the overall
contamination burden relative to background values and was calculated using equation (4) (Hosseinzadeh et al. 2024).

Additionally, the degree of contamination was classified into four categories as given in Table 5.

i=n

CD = z CF (4

Table 5: The Contamination Degree classes.

Contamination Contamination Degree Categories
Degree
CD<8 Low level of contamination
8§<CD<16 Moderate degree of contamination
16<CD <32 Significant degree of contamination
CD > 32 Very high degree of contamination

2.5.4. Potential Ecological Risk Index (PERI)

The Potential Ecological Risk Index is a commonly used to evaluate the degree of heavy metal pollution in sedi-
ments, soils, and urban dust. Unlike simple enrichment factors, the PERI integrates the concentration of pollutants with
their biological toxicity, providing an estimate of potential ecological risk. The PERI is calculated using the following
equations (5)-(7) (Xie et al. 2023):

ci—C—‘iI

= . (5)

ER = EL = T} x C} .. (6)

n
PERI = Z EL e (7)
i=1
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where Cid represents the measured concentration of metal i in road dust, Cir is the background value of metal i, Cif’
is the contamination factor, T;» is the toxic-response factor, and Ei is the ecological risk factor for each metal. Toxic
response factors for Zn, Cu, Cr, Pb, and Cd are 1, 5, 2, 5, and 30, respectively (Hakanson 1980). The PERI categories
were classified as follows: RI <150 indicates low risk, 150 < RI < 300 indicates moderate risk, 300<RI<600 reflects a

considerable ecological risk, and an RI > 600 signifies a very high ecological risk (El-Sharkawy et al. 2025).
2.5.5. Integrated Pollution Index (IPI)

The Integrated Pollution Index (IPI) is a comprehensive numerical tool used to assess the overall quality of a specific
medium (usually soil, water, or air) by calculating the combined effects of multiple pollutants, most commonly heavy
metals. In this study, it was used to assess the cumulative heavy-metal pollution level in road dust. The IPI was calculated

using equations (8) and (9) (Mansouri et al. 2024):

pr = &1 8
= .(8)
n
IPI—lzPI' 9
Y i ..(9)
=1

where Cr refers to the measured concentration in the sample, Bn is the background concentration of the heavy metal
in the Earth’s crust, and » is the number of metals studied. The IPI is calculated as the average of all pollution indices
(PI) for the metals considered and values are classified as low contamination (IPI < 1.0), moderately contaminated (1.0

<IPI £2.0), or highly contaminated (IPI > 2.0) (Cobbina et al. 2025).
2.5.6. Bioconcentration factor (BCF)

The bioconcentration factor is used to measure the ability of plants to absorb and accumulate heavy metals from
soil and dust, providing a direct indication of metal bioavailability to vegetation (Aladesanmi et al. 2019). To quantify

the enrichment of HMs in plant tissue, the following equation was used (10) (Chen et al. 2024):

C
BCF = —<av¢ .. (10)
Csoil

where Cieave represents the metal concentration in the leaf/plant tissue, Cs; represents the metal concentration in the

road-dust sample. The BCF refers to the ratio of the heavy metal concentration in a plant to that in road dust. BCF values
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greater than 1 indicate greater metal accumulation in plant tissue relative to the surrounding substrate, whereas BCF

values below 1 indicate limited accumulation or exclusion behavior.

2.5.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to analyze differences in metal concentrations among road cate-
gories and sampling locations. SPSS software (version 25) was used for statistical analyses, with p < 0.01 considered

statistically significant.

The choice of background values is a key factor in interpreting geochemical data. Previous studies have used the
average shale values (Mohiuddin et al. 2011; Salam et al. 2021; Tnoumi et al. 2022; Al-Dahar et al. 2023; Rasul et al.
2026), or the upper continental crust (UCC) data (Xuefeng et al. 2016; Tang et al. 2019; Dytlow & Gorka 2021; Hamid
et al. 2022) as reference baselines. The estimated concentrations of the elements were compared with the geochemical
background values of the UCC given by (Rudnick & Gao 2003). The permissible limits in soil and plant are presented

in (Table 6).

Figures were generated and formatted using Python 3.13.5. Data importing and preprocessing were performed using
pandas and NumPy, curve smoothing was carried out using SciPy, and graphical rendering and export were completed

using Matplotlib.

Table 6: The background values and permissible limits of under study elements

Element Background val- Soil permissible Plant permissible
ues (ppm) limits* (ppm) limits* (ppm)
Zn 65.4 50 0.6
Cu 22.5 36 10
Cr 67.3 100 1.3
Pb 20 85 2
Cd 0.3 0.8 0.02

*4ccording to WHO (1996)

3. RESULTS AND DISCUSSIONS

3.1. Heavy metal concentrations in road dust

Table 7 presents the mean values + standard deviation of Zn, Cu, Cr, Pb and Cd in road-dust samples collected from
highway, industrial, mixed-use, and residential roads in Ramadi City, along with a control sample collected away from

major transport routes.
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Table 7: Mean heavy metals concentration (ppm) = standard deviation (SD) in road-dust samples collected from different road categories in Al-

Ramadi city.

Road Locations Heavy metal concentration in ppm (Mean + SD)

Type Zn Cu Cr Pb Cd
Highway L1 59.1+6.7 20.5+2.9 15.0+1.5 20.5+3.7 2.69+0.78
Road L2 50.1+6.3 21.443.0 18.0+2.0 41.443.8 2.5+0.71

L3 42.944.5 31.9+3.1 16.2+1.6 27.6+3.2 1.94+0.56
L4 45.0+4.2 24.3+£2.2 17.0+1.0 30.5+2.9 2.8+0.78
L5 55.0+4.8 30.0+2.4 14.5+1.9 25.9+3.1 1.9940.67
Industria L1 70.3£7.9 141.8+18.6 23.0+3.0 232.9451.7 3.15+0.81
1 roads L2 66.7£5.5 210.5£53.5 26.5+3.7 115.6+42.4 3.15+1.07
L3 56.2+4.8 33.5+2.9 18.8+2.4 38.3+4.2 2.69+0.89
L4 54.3+5.0 32.3+4.1 19.6+2.8 48.0+4.0 2.854+0.57
LS5 60.2+4.96 40.5+4.7 25.3£2.9 85.9+6.9 3.0+1.3
Mixed L1 55.9+4.3 14.8+1.2 17.7+2.1 30.2+2.9 3.1+0.91
Road L2 58.4+5.2 21.0£1.9 21.9£1.7 53.244.8 2.854+0.77
L3 66.7+5.9 33.743.5 21.0+1.9 49.0+4.6 3.46+1.02
L4 37.0+2.8 11.5+1.3 15.0+2.0 21.4+2.8 2.15+0.93
L5 62.3£5.7 25.5+2.9 19.2+2.4 45.1+3.9 3.5+1.06
Residenti L1 53.2+4.8 13.8+1.6 16.2+1.8 50.743.7 2.38+0.96
al roads L2 38.5+£2.9 8.5+0.95 14.7+1.1 20.7+2.5 2.1£0.91
L3 32.543.7 10.2+1.2 18.3£1.9 30.543.5 2.5+0.7
L4 35.5£3.7 8.2+1.02 8.0£1.2 20.0+3.2 2.1+0.8
LS 26.0+1.6 6.3+0.27 8.7+0.9 16.0+1.2 1.93+0.17
Control C 34.5+£3.5 13.7+£2.9 19.8+2.4 17.842.2 1.6+0.8

The analytical findings showed elevated concentrations of Zinc, Copper, Chromium, Lead, and Cadmium across
most road categories compared with the control site. The highest concentrations of Cu and Pb were observed at industrial
sites, particularly L1 and L2, while Cd showed consistently elevated values across the highway, industrial, mixed-use,
and residential road categories. Statistical significance at p < 0.01 indicates clear spatial variation among sampling
locations and suggests a strong influence of likely anthropogenic sources such as industrial activity, traffic emissions,
brake and tyre wear, and road-dust resuspension (Kilavi et al. 2023). Overall, industrial roads showed the strongest

enrichment for Cu and Pb, whereas residential roads generally recorded the lowest concentrations for most metals.

The road-adjacent samples show a distinct gradient of pollution when compared with control samples. For example,
Pb at industrial site L1 was much higher than the control value, indicating localized enrichment near industrial activity.
Such enrichment is consistent with previous observations that urban soils and road dust in rapidly growing cities may
accumulate metals above background levels, especially near traffic and industrial sources (Adimalla 2020). Low levels
of contamination near residential roads may reflect lower traffic density and greater separation from direct industrial
sources (Du et al. 2026). However, some metals were still detectable at residential sites, suggesting possible

redistribution of metal-bearing dust from traffic-intensive or industrial areas. Fine particulate (PM2.5) and/or coarse
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particulate matter (PM10) with high heavy metal concentrations can travel in excess of several kilometers from an

industrial site to an adjacent residential or commercial area (Zurek-Ost et al. 2025).

The significant difference between road categories and the control site indicates that road function and surrounding
land use influence heavy-metal accumulation in road dust. The results also indicate localized contamination hotspots,
especially at industrial sites with high Cu and Pb concentrations. The concentration of cadmium exceeded the reported
permissible limit across all road categories, while Pb exceeded the permissible limit at some industrial sites. These
findings suggest that Cd and Pb require particular attention in future monitoring and risk assessment. The results indicate
that road dust in Ramadi City is affected by multi-metal contamination, with the highest burden generally observed near
industrial and high-traffic routes. The statistically significant differences among sites (p < 0.01) support the
interpretation that metal distribution is spatially structured rather than random. However, further source apportionment

and exposure assessment studies would be needed to determine specific emission sources and potential health risks.

3.2. Heavy-metal concentrations in roadside vegetation

Mean concentration values + standard deviation of Zn, Cu, Cr, Pb, and Cd in plant samples collected from highway,

industrial, mixed-use, and residential roads in Ramadi City are presented in Table 8.

Table 8: Mean heavy metals (ppm) = Standard deviation in plant samples collected from 5 locations adjacent to different roads

within Al-Ramadi city.

Road Locations Heavy Metal Concentration in ppm (Mean = SD)
Type Zn Cu Cr Pb Cd
High L1 18.5+2.8 3.5+1.7 2.86+0.78 2.0+0.38 0.38+0.06
way L2 18.4+2.2 5.5+£1.9 4.5¢1.1 2.0+0.62 0.54+0.04
Road L3 16.942.5 5.1£1.08 5.72+2.14 3.0+£0.9 0.33+0.07
L4 17.0£2.1 4.9+1.36 3.8+0.78 2.5+0.8 0.44+0.04
L5 15.8+1.8  4.5+1.22 2.9+0.93 1.99+£0.9 0.39+0.01
Indus. L1 14.0£1.2  2.9+1.01 3.76£1.37 2.5+1.1 0.38+0.06
Road L2 229423 2.5+0.95 2.15+£0.95 2.5+1.7 0.39+0.03

L3 20.0«1.9 2.7+0.99 2.73+0.89 1.95+0.5 0.32+0.04
L4 14.0£1.6 3.0+0.98 3.14+1.06 2.0+0.95 0.33+0.03

LS5 21.5£2.9 3.2+1.4 2.69+1.09 2.2+0.86 0.32+0.04
Mixed L1 24.8+3.4 2.8+1.2 2.86+0.96 2.2+0.76 0.69+0.05
Road L2 23.8+2.6 3.0£1.3 3.86+1.22 1.91+0.93 0.54+0.06

L3 12.0£0.6 2.5+0.97 2.85+1.09 1.88+1.0 0.31+0.05
L4 12.0+£0.9 3.6x1.44 2.71+0.91 1.82+0.94 0.23+0.03
L5 18.9+1.9 2.9£1.6 3.95+1.03 1.99+0.79 0.6+0.08
Reside. L1 17.242.0 2.5+1.02 3.43+1.11 1.78+0.34 0.15+0.03
Road L2 10.5+0.9 2.42+0.94 2.86+0.74 1.79+0.71 0.15+0.05
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L3 19.0+£2.2 2.5+1.0 3.15£1.07 1.8+0.62 0.3+0.03
L4 14.8+1.8 2.5+0.93 2.14+0.92 1.52+0.66 0.22+0.06
L5 9.9£1.7 1.82+0.84 2.72+0.94 1.78+0.48 0.35+0.09

The results identified mixed road L1 and highway L3 as locations with relatively high metal accumulation in plant
tissue. In mixed roads, Zn and Cd reached the highest concentrations of 24.8 ppm and 0.69 ppm, respectively, at L1,
where mixed-use roads in Ramadi City are associated with stop-and-go traffic and informal mechanical workshops.
Plants in such zones may accumulate metals through both root uptake from contaminated substrate and foliar deposition
of resuspended particulates (Al-Dahar et al. 2023; Giri et al. 2026). Cd, in particular, is relatively mobile in some soil-
plant systems and may be taken up by plant tissues depending on soil chemistry and metal availability. Roadside flora
in high-traffic commercial zones may show elevated Cd accumulation where traffic activity, lubricants, battery waste,
or small mechanical workshops contribute to local contamination (Bhatla & Kathpalia 2023). Cr and Pb in highways
(L3) recorded the peak for Cr (5.72 ppm) and Pb (3.0 ppm). These elevated concentrations may be related to traffic-
derived particles from brake wear, tyre wear, exhaust emissions, and resuspended dust; however, the present study does

not directly identify the specific source contribution for each metal (Bhat et al. 2025).

Mixed-use and highway sites showed relatively high accumulation for selected metals, probably reflecting the
density and diversity of nearby pollution sources (Rahman et al. 2024). The interaction between location and metal type
was found to be highly significant (p < 0.01) for Cr, Pb, and Cd. Plant Cd concentrations ranged from 0.15 to 0.69 ppm,
with the maximum value recorded at mixed-use site L1; therefore, the value of approximately 3.5 ppm appears to refer
to Cd in road dust rather than plant tissue. This pattern may be associated with differences in local traffic intensity,
commercial activity, and the availability of Cd in road dust. In mixed roads, the combination of high-density traffic with
frequent braking and local commercial activities may create a persistent source of Cd. Cadmium can occur as an impurity
in low-grade automotive lubricants and certain tire brands. Furthermore, mixed-use zones in Ramadi City may include
small mechanical workshops where oil residues and dust deposition contribute to localized contamination (Horne &
Fleming-Singer 2005; Panda et al. 2025). In semi-arid regions, the high evaporation rate may increase the concentration
of Cd ions in the soil's pore water, thereby influencing the bioconcentration factor in roadside flora (Giri et al. 2026).
Residential roads generally showed lower accumulation for most metals, which may reflect lower traffic intensity and
reduced exposure to heavy-duty vehicle emissions. The reduced concentration of re-suspended dust may limit the foliar
uptake of metals. Urban green belts in residential zones can act as filters, although they may still accumulate metals at

rates higher than natural baselines (Basheer et al. 2026).
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The difference between the control site and road-adjacent locations indicates that traffic and urban activity are likely
contributors to metal accumulation in roadside vegetation. Since the control site approximately reflects the natural
background of the region, higher concentrations in road-adjacent plants may be associated with atmospheric deposition,
dust resuspension, and transport-related emissions (Bhat et al. 2025). Comparison with a control site strengthens the
interpretation that road-adjacent vegetation is exposed to additional metal inputs, although source-specific confirmation
would require further analysis (Edo et al. 2024; Naeem et al. 2024). Generally, the plants along major roads in Ramadi
City accumulated Cr, Pb, and Cd at levels exceeding the reported permissible limits for some metals. The ANOVA
results indicate significant spatial differences in plant metal concentrations; however, proximity to traffic should be
interpreted as a likely contributing factor rather than the sole determinant (Hussain et al. 2024). The relatively higher
concentrations of Zn and Cu may also reflect their role as essential micronutrients, although excessive levels can still

affect plant function (Rahman et al. 2024).

3.3. Road-dust contamination indices

3.3.1. Geo-accumulation Index (Igeo)

Fig. 2 shows the values of Igeo of all examined heavy metals in road-dust samples collected from five locations
across highway, industrial, mixed-use, and residential roads. The highest Igeo values were generally recorded for Cd,
followed by Pb and Cu at selected industrial and mixed-use sites, whereas Cr consistently showed the lowest Igeo values

across the examined locations.
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Fig. 2: Igeo values of the examined heavy metals in road-dust samples collected from highway, industrial, mixed-use, and

residential roads

The Igeo results indicate that industrial sites were most affected by Pb and Cu enrichment. Industrial L1 showed the
highest Pb Igeo value, while industrial L2 showed the highest Cu Igeo value. This may be associated with the persistence
of environmental contaminants linked to previous fuel-related emissions, traffic activity, and ongoing discharges from
mechanical or metal-processing activities near industrial roads (Generalova et al., 2025). However, source-specific
attribution should be treated cautiously because no direct source-apportionment analysis was conducted.

For highway sites, Igeo values for Zn, Cu, Cr, and Pb were mostly below 1, indicating uncontaminated to moderately
contaminated conditions. In contrast, Cd showed higher Igeo values, indicating moderate contamination at several
highway locations. Roadside dust samples have Igeo values of less than 1.0, except when they are affected by industrial
activity. Therefore, highway sites are affected by vehicle emissions, but their enrichment levels for most metals remained
lower than those observed at the most contaminated industrial sites. Furthermore, residential road-dust samples have the
lowest Igeo values for all elements. Most of the Igeo values for chromium and zinc are close to zero, indicating low
enrichment relative to background values. However, lead at residential L1 showed moderate enrichment compared with
other residential locations. The residential sites may also receive metal-bearing particulates through atmospheric
transport and local traffic activity. Cadmium and lead consistently have higher Igeo values than chromium, and

chromium has the lowest Igeo values for all sites.

3.4. Other road-dust contamination indices

Values of pollution load index (PLI), contamination degree (CD), potential ecological risk index (PERI), and
integrated pollution index (IPI) in road-dust samples collected from five locations along highway, industrial, mixed-use,
and residential roads showed clear variation among sampling sites and road categories. Among the calculated indices,
CD and IPI showed the largest numerical ranges, while PLI values were comparatively lower because the index is

expressed as a geometric mean of contamination factors.

3.4.1. Pollution load index (PLI)

The results indicate that industrial and mixed road sites were the most heavily impacted by anthropogenic activities,

with industrial sites recording the highest PLI values, specifically L1 and L2 (Fig. 3).
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Fig. 3: Pollution load index (PLI) distribution by road type

The highest PLI value was recorded at industrial L1 (3.09), followed by industrial L2 (2.96), indicating a high
overall pollution load at these sites (Ali et al. 2025). PLI values above 3 are commonly interpreted as evidence of
substantial anthropogenic contamination, particularly in areas influenced by industrial activity, mechanical workshops,
or metal-processing sources. Most mixed-use road sites also showed PLI values greater than 1, indicating pollution
relative to background conditions (Barbera et al. 2025). The obtained data suggest that mixed-use zones may experience
cumulative inputs from traffic emissions, commercial activity, and small-scale workshops, which together increase the
overall pollution load (Attiya & Jones 2020).

The highway areas had a consistent level of pollution across the five sampling locations, with PLI values slightly
above 1 at all sites. These values indicate low to moderate pollution, probably associated with continuous deposition
from traffic-related sources such as exhaust emissions, brake wear, tyre wear, and road-surface abrasion (Al-Sabbagh
& Shreaz 2025). Highway road-dust samples with PLI values ranging from 1.0 to 1.5 indicate early-stage contamination
and support the need for periodic monitoring (Atavullayeva 2024).

In contrast, residential sites generally showed lower PLI values, with most locations below 1, indicating limited
pollution according to the PLI classification. However, the value at residential L1 exceeded 1, suggesting localized
enrichment or possible influence from nearby traffic or dust transport (Miller et al. 2025). Such localized elevation may
also occur when fine particulate matter is transported from nearby industrial or traffic-intensive areas under favorable

wind conditions (Afandi et al. 2025).
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3.4.2. Contamination degree (CD)

The highest CD values were recorded at industrial road sites, particularly L1 and L2 (Fig. 4). The CD values at
locations L1 and L2 were 29.86 and 27.05, respectively, placing them within the significant contamination category
according to the classification used in this study (Cao et al. 2025). These elevated CD values are consistent with
cumulative inputs from mechanical activities, industrial emissions, and metal-processing residues (Somadas & Sarvade
2025). Although high CD values indicate strong cumulative contamination, further leaching tests and groundwater

monitoring would be required before concluding that deeper soil layers or groundwater are at risk (Ogwu et al. 2025).
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Fig. 4: Contamination degree (CD) distribution by road type

Highway and mixed-use sites showed CD values ranging from 9.53 to 16.81. The highway sites showed a relatively
consistent moderate contamination range of approximately 10.1-12.8, whereas the mixed-use sites showed greater
variation, especially L3, where a 16.81 CD was recorded. The bulk of contaminants for both the highway and mixed
sites may originate from diffuse anthropogenic sources, including emissions from vehicles, brake pad wear, and wear
from tires (Candeias et al. 2020). However, the additional increase in the mixed-use sites suggests an interaction between
traffic volume and nearby commercial activities (e.g., repair shops). Areas with combined commercial and transport
activity may accumulate higher metal loads because of stop-and-go traffic, vehicle maintenance activities, and small-

scale metal-related sources (Jacob et al. 2024).
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The residential showed the lowest CD values, mostly within the moderate contamination category (Skuza et al.
2022). Although lower than industrial and mixed-use sites, the residential values indicate that road dust in residential
areas is not entirely free from metal accumulation. This may reflect local traffic emissions, resuspended dust, and

possible atmospheric transport of metal-bearing particles from more polluted areas.

3.4.3. Potential ecological risk index (PERI)

Industrial sites showed some of the highest PERI values, with several locations exceeding 300, indicating
considerable ecological risk according to the classification used in this study (Barbera et al. 2025) (Fig. 5). The elevated
PERI values at industrial sites are likely related to the strong contribution of metals with high toxic-response factors,
particularly Cd, and to elevated Pb concentrations at selected locations (Barbera et al. 2025). Mixed-use sites .3 and L5
also recorded high PERI values, indicating considerable ecological risk (Cao et al. 2025). This pattern may reflect the

combined influence of traffic emissions, commercial activity, and small-scale workshops in mixed-use areas.
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Fig. 5: Potential ecological risk index (PERI) distribution by road type
The highway and residential locations generally presented lower PERI values, though they still fell within the
moderate to considerable risk categories, where the values of highway sites varied between 209.12 and 294.21. Although
none of the highway sites exceeded 300, the proximity of L4 (294.21) to the considerable-risk threshold indicates a

significant accumulation of traffic-related pollutants (Attiya & Jones 2020). Regarding residential sites, which showed
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the lowest risk profile, all values remained above the low-risk threshold, suggesting that residential road dust may still
receive metal inputs from local traffic and atmospheric deposition (Al-Sabbagh & Shreaz 2025).

3.4.4. Integrated pollution index (IPI)

The highest IPI value in the industrial category was observed at L1 with a value of 21.4639, while industrial L2
recorded 18.64919 (Fig. 6). These values indicate very high cumulative contamination at the two industrial sites. The
elevated IPI values at L1 and L2 may reflect cumulative inputs from industrial emissions, mechanical wastes, and metal-
processing activities (Miller et al. 2025) from industrial sources. [PI values greater than 10 indicate strong anthropogenic
loading, although the specific contribution of individual sources requires further source-apportionment analysis. The

results suggest that most of the locations had higher IPI values than the other road categories. (Szwalec et al. 2020).
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Fig. 6: Integrated pollution index (IPI) distribution by road type

Mixed-use sites L3 and L5 also showed elevated IPI values, suggesting increased cumulative contamination in areas
where traffic and commercial activities overlap (Jacob et al. 2024). However, the highway system showed relatively
consistent IPI values of approximately 5.0 across locations (Atavullayeva 2024), with lower variability than industrial
and mixed-use sites. Urban corridors often have moderate to high IPI values because of diffuse pollution from tyre wear,
brake wear, road abrasion, and fuel combustion (Candeias et al. 2020).

Residential areas showed the lowest total IPI, and while the residential IPI values at each sample point were lower
than those of industrial and most mixed-use sites, all values remained above 1.0, indicating that residential road dust

was not free from contamination (Szwalec et al. 2020). The highest residential sample point value at L1 (5.78) may



NEPT 20 of 28

reflect localized traffic influence or proximity to more polluted transport corridors (Barbera et al. 2025). Overall, the
IPI results confirm that industrial roads were the most contaminated, followed by mixed-use and highway roads, while

residential roads showed the lowest but still measurable cumulative contamination (Attiya & Jones 2020).

3.5. Plant bioconcentration factor (BCF)

Fig. 7 presents the calculated bioconcentration factor (BCF) values for plant samples collected from five locations
along highway, industrial, mixed-use, and residential roads. Overall, Zn showed the highest BCF values among the

studied metals, whereas Pb generally showed the lowest BCF values across the examined locations.
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Fig. 7: Bio-concentration factor (BCF) distribution by road type and sampling location

The industrial sites showed high road-dust contamination but relatively low BCF values for several metals. At L1,
the BCF for Pb was the lowest recorded value (0.010734), while the highest industrial-site value was recorded for Zn at
L3 (0.355872). Plants in highly polluted industrial zones may show limited metal transfer from substrate to tissue
because of exclusion mechanisms, restricted root uptake, or low metal bioavailability in the substrate (Skuza et al. 2022;

Ali et al. 2025).

Mixed-use and highway roads showed moderate BCF values for selected metals, reflecting their exposure to traffic-
related and mixed anthropogenic inputs (Attiya & Jones 2020). The highway category showed relatively high BCF
values for Zn and Cr at L3, and the lowest Pb BCF value at L2. The mixed-use roads showed a peak for Cu at L4 and

Zn at L1, suggesting site-specific differences in metal availability and plant uptake. In traffic-affected areas, some metals
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may occur in more bioavailable forms, whereas metals in industrial dust may be more strongly bound to particles or

mineral phases, reducing plant uptake (Jacob et al. 2024).

However, the residential sites are the least polluted in terms of dust concentration but show surprisingly high
efficiency in metal translocation. Zn recorded the highest BCF values among all examined metals, which often exhibits
higher BCF values because it is an essential micronutrient for plant enzymatic functions, facilitating its active transport
compared to non-essential elements like Pb, which showed the lowest BCF values across all sites. Pb has low
bioavailability and tends to be sequestered in the soil-root interface, which explains the minimal BCF values observed

in the under study plant samples (Ayobami 2022; Goya-Heredia et al. 2023).

Interestingly, the residential road locations showed a similar pattern of metal uptake to that observed at traffic-
affected sites, with relatively higher Zn BCF values at selected locations such as residential L3. This suggests that while
road-dust concentrations are higher in industrial zones, plant uptake efficiency (BCF) does not necessarily increase
linearly with substrate pollution, often due to substrate pH, organic matter content, metal speciation, or particle binding
(Goya-Heredia et al. 2023; Barbera et al. 2025). Because all BCF values were below 1, the sampled plants can be

interpreted as metal excluders rather than hyperaccumulators.

4. CONCLUSIONS

This study provides an assessment of heavy metal contamination in road dust, and its subsequent bioaccumulation
in native vegetation along four functional road categories (highway, industrial, mixed-use, and residential) in Ramadi
City, Iraq. The integration of multiple pollution indices (I-geo, PLI, CD, PERI, IPI) and bioconcentration factor (BCF)
analysis provided a useful framework for evaluating contamination intensity, ecological risk, and plant uptake behavior

in an arid urban setting.

The results showed that road-adjacent dust samples generally contained higher heavy metal concentrations than the
control site, suggesting the influence of anthropogenic sources. The highest contamination burden was generally
observed at industrial sites, particularly for Cu and Pb, while Cd showed consistent enrichment across several road
categories. Significant spatial differences (p < 0.01) indicate that road type and surrounding land use influenced heavy-
metal distribution. The PERI classified most road categories within moderate to considerable ecological-risk levels, with

industrial and mixed-use sites showing the highest values. The Igeo ranked Cd as the most enriched element across most
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sites, followed by Pb, indicating notable enrichment relative to background values. The PLI, CD, and IPI results further
confirmed that industrial roads had the greatest cumulative contamination, followed by mixed-use and highway roads,

whereas residential roads showed lower but still measurable contamination.

Although the BCF remained below 1 for all metals suggesting that plants act as excluders rather than
hyperaccumulators, the absolute concentrations of Cd and Cr in plant biomass exceeded the reported permissible limits.
This indicates that roadside vegetation can serve as an indicator of metal exposure in contaminated road environments,
although further studies are required to assess grazing, food-chain transfer, and human-health risks. The arid climate of
Ramadi City may enhance the persistence and redistribution of contaminated dust because low rainfall and frequent dust
events can favor aeolian transport and resuspension of metal-bearing particles. The detection of metals in residential
road dust suggests that lower-traffic areas may still receive inputs from local traffic, dust movement, or nearby polluted

Zzones.

Overall, the results of the present study highlight the need for regular road-dust monitoring, control of industrial and
traffic-related emissions, improved dust-management practices, and further source-apportionment and exposure-

assessment studies in Ramadi City and similar arid urban environments.
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