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Abstract

:

Kirkuk city is known for its industrial activities, especially oil and cement production, as well as its road traffic. The aim of this study was to assess potentially toxic elements (PTEs) in the soil and plants from urban areas by measuring pollution indices and estimating the effect that this pollution has on the environment. Leaf and soil samples were taken from 10 different locations in Kirkuk. These samples were pre-treated using the acid digestion method and concentrations of 12 elements were determined using inductively coupled plasma mass spectrometry (ICP-MS). The results indicate a high content of aluminum and magnesium (mg/kg) in the soil samples from all study sites. For leaf samples, the results showed a moderate to low amount of magnesium and aluminum. Based on our results, the PTE concentrations were found in the following order—Mg > Al > Ni > Cu > Cr > Pb > Co > As > Se > Cd > Hg > Ti—in leaf samples from all 10 study sites. However, in the soil samples, PTE concentrations were in the following order—Mg > Al > Cr > Ni > Cu > Pb > Co > As > Se > Ti > Cd > Hg—from all study sites. Pollution indices showed a moderate level of contamination of Pb, Cd, and Ni, and a high level of contamination of As and Hg in plant and soil samples from all study sites in Kirkuk city.
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1. Introduction


Environmental pollution is one of the biggest challenges currently facing the globe. Pollution affects plants, animals, humans, and ecosystems. Pollution from PTEs is one of the most common forms of (inorganic) pollution, and those compounds can be found in high levels in plants and soil, especially in urbanized areas [1]. PTE levels have increased globally due to the fast-growing industrial and agricultural sectors (pesticides and fertilizers) [2]. Plants can absorb heavy metals from the air, soil, and water [3]. Therefore, concentrations of heavy metals found in plant leaves can be used as bio-monitors and bio-indicators to estimate the levels of pollution in specific geographical locations [4].



There are many PTEs that pose a risk to the environment. Cadmium, copper, lead, nickel, and mercury can be measured in areas close to roads with heavy traffic as well as industrial areas where toxic wastes such as oil, petrol, grease, and organic solvents are released into the environment [5]. Areas close to oil production fields, oil refineries, and cement companies are also known for pushing PTE concentrations in the environment to toxic levels [6]. These metals can accumulate in the food chain, eventually reaching human cells and forming complex compounds by binding to non-metallic elements such as molecular proteins [7].



PTEs such as lead and cadmium are harmful for plant growth, affecting leaves and chlorophyll. This in turn affects plant physiology and production and also causes major photochemical changes in the leaves. However, compounds like copper and zinc are crucial to maintaining healthy plant growth [8,9,10]. PTEs have long-term effects and can cause significant problems for soil sustainability. They can remain in the soil for many years, affecting the biota and contaminating water stored in the area. These pollutants can be taken up by plants and animals, and eventually transferred to humans. This contamination also affects soil quality, causing a decline in organic matter content. Research has focused on different types of soil contamination in recent years [11,12]. In urban areas, streets, domestic heating, and industrial activities are the most common source of PTE contamination [13]. In order to determine changes in soil properties and measure contamination in urban soil, agricultural soil, and mining area soil, many tools have been developed. These tools help with the early detection of changes in soil quality and protect soil for sustainable use. One example of this kind of tool is the soil monitoring network (SMN) tool developed in Europe, which has been used in many European countries for years. Researchers have provided assessments of various kinds of soil pollution in recent years, including heavy metal pollution, which helped to raise public awareness of soil contamination and pollution control [12,14]. The aim of this study was to investigate the concentrations of PTEs by measuring 12 toxic metals as a starting point for their potential abundance in soil samples and leaf samples from two trees, eucalyptus and Myrtus communis L. We wanted to see whether the industrial activities carried out in the urban area of the city were contaminating surrounding areas. By measuring pollution indices, we hoped to determine which possible effects pollution from PTEs have on the environment. Eucalyptus and Myrtus communis L. samples were taken from 10 study sites in Kirkuk city, since these are the most abundant trees located in the urban areas of the city. Since this study tried to cover most parts of the city (north, south, east, and west), it was important to keep the data synchronized and measure the PTEs in tree species that could be found in all study sites.




2. Materials and Methods


2.1. Sample Sites


Kirkuk city is ranked as the second largest industrial city in Iraq due to its oil and gas production. In recent years, a high number of private oil refineries and other industrial companies have been established in this area. With the noticeable growth in population and increasing numbers of cars on the roads, the city is currently facing a high level of pollution. Ten study sites in Kirkuk City were selected to collect soil samples and leaves from eucalyptus and Myrtus communis L. trees. Table 1 shows the locations, sample codes, and contributing sources of pollution for each sampling site. Green leaves from both trees were collected at each site. Samples were kept in dry, clean plastic bags and transferred to the lab. The leaves were washed with deionized water and air-dried for a few days [1].



The sampling locations are shown in Figure 1 on the ArcGIS (version 10.8.1) map. The samples were taken from the northern, middle, eastern, and western sides of Kirkuk city. The minimum distance between two samples was 3 km. The sample locations were first saved using Google Maps and then transferred as a KML file to ArcMap as a sampling layer (Figure 2).




2.2. Soil Physico-Chemical Characterization


The analysis of the physico-chemical parameters of the soil was carried out in the Soil Physics and Land Management laboratories at Wageningen University & Research. To investigate the quality of the soil, we collected soil samples from 10 study sites. The samples were taken at a depth of 0–25 cm from the soil surface. The samples were stored in clean bags and dried at 70 °C for 48 h. The pH and organic materials (OM) were measured. The pH measurements were made following the protocol introduced by Van Reeuwijk [10] using SI Analytics—pH Meter Lab 855 from the DKSH group. A total of 10.0 g of air-dried fine soil was transferred into 50 mL centrifuge tubes, then 25 mL of 1 M KCl was added. The tubes were then placed in a rotor shaker and extracted for two hours. A pH electrode was immersed in the upper part of each suspension. The pH was recorded when the reading stabilized. For the measurements of organic matters, first we put the clean crucibles into a muffle furnace at a temperature of 550 °C overnight. After 24 h, the crucibles were weighed, and the measurements recorded. Approximately 10 g of a soil sample was added to a crucible, which was then placed in the oven at 105 °C overnight to remove any moisture. After 24 h, each sample was weighed and put back into the oven at 105 °C. After 4 more hours, the weight of each crucible was taken and recorded again. The samples were then transferred to the muffle furnace, which was heated to a temperature of 550 °C. After 4 h, the weights of the crucible and samples were recorded again. For calculations, an Excel template from the Soil Physics and Land Management (SLM) group was used.




2.3. Acid Digestion of All Samples


Sample preparation was carried out at the Wageningen Food Safety Research (WFSR) Centre at Wageningen University and Research. Samples were pre-treated using acid digestion and a microwave oven (MARS express, CEM Corporation, Matthews, NC, USA). For the microwave digestion, 10 mL of concentrated nitric acid (69% Instra-analyzed nitric acid, J.T. Baker, Phillipsburg, NJ, USA) was added to 0.8 g of a sample in Teflon digestion vessels. The samples were placed in the microwave oven at a temperature of 210 °C. The digests were quantitatively transferred to 50 mL polypropylene (PP) centrifuge tubes (Greiner Bio-One, Frickenhausen, Germany) and diluted with deionized water to a final volume of 50 mL. The digests were diluted 5-fold and 200-fold prior to analysis with a final acid concentration of 2.8% v/v [10].




2.4. ICP-MS Analysis


Sample analyses were done at the WFSR Centre. Concentrations of 12 elements were determined using ICP-MS (NexION 300D, Perkin Elmer, Waltham, MA, USA). Samples were introduced into the ICP-MS using an SC-FAST autosampler (ESI, Omaha, NE, USA). The ICP-MS was equipped with a PFA-ST nebulizer, a quartz cyclonic spray chamber, and a quartz torch with a sapphire injector. The ICP-MS was operated in collision mode (KED) with helium as the collision gas for all elements, with a flow rate of 5.0 mL/min and an RPq of 0.25. Concentrations were determined using external calibration curves with rhodium as the internal standard [15].




2.5. Measuring Pollution Indices


Pollution indices were studied to identify the pollution level and potential environmental risks posed by PTEs in soil and plants from all study sites. Many indices were calculated, such as the geo-accumulation index (Igeo), bioaccumulation factor (BAF), contamination factor (CF), pollution load index (PLI), ecological risk (Eri), and potential ecological risk (PER). The geo-accumulation index (Igeo) compares the current and pre-industrial element concentrations in urban soils and dust as introduced by Müller and Atiemo [16,17]. However, for this study, the upper continental crust value by Taylor and McLennan (1985) [18] and McLennan (2001) [19] was the background value (Li et al., 2018; Alam et al., 2019). This index was calculated using the following equation.


  I g e o =   log  2  (    C n    1.5  B n    )  








where



Cn = concentration of measured metal in soil (or dust) samples.



Bn = the average continental upper crustal value of element n used by Taylor and McLennan (1985) [18] and McLennan (2001) [19] (Supplementary Table S1).



The bioaccumulation factor (BAF) or the transfer factor is used to compare the concentration of metal in plant biomass with its content in the source (soil or dust). It also allows for the classification of plants as trace element accumulators (BAF > 1) or excluders (BAF < 1). This index was calculated using the following equation:


  B A F =  C  A P   /  C  W W    











In this equation, BAF stands for the bioaccumulation factor for a specified metal; CAP represents the specific metal concentration in aerial parts, expressed in mg/kg; and CWW represents the metal concentration in the growth environment like soil and dust, expressed in mg/kg.



The contamination factor (CF) is used to determine the contamination level of the examined environmental samples (leaf and soil) in the study [20]. It is expressed in the equation below:


  C F =    C  s a m p l e      C  b a c k g r o u n d      








where Csample is the metal content in the leaf from the study site, and Cbackground corresponds to the samples from the clean site (uncontaminated or very slightly contaminated).



The pollution load index (PLI) is the nth root of the product of the n CF and calculates the total contribution of all metals in a certain location [21]. Four classes outlined by Hakanson [22] are used to describe the contamination level (Supplementary Table S2).


  P L I =    (  C  F 1  × C  F 2  × … × C  F n   )     1 n     











The PLI value representing soil quality is shown in Supplementary Table S3.



To determine the ecological impact of the metals, the potential ecological risk index was evaluated considering the ecological risk potentials of each metal, the contamination factor, and its biological toxicity, as suggested by Hakanson [22]. The potential ecological risk index RI(/PER) of the total metals can be calculated according to the equation below:


  R I =   ∑   i = 1  n   E r i  =  T r i  ×  C f i   








where    E r i    is the potential ecological risk factor,    T r i    is the toxic response factor, and    C f i    is the contamination factor of the metals. The toxic response factors used in this study were Ni = 6, Cu = 5, As = 10, Cd = 30, Pb = 5, Zn = 1, Mn = 1, and Cr = 2. The category of the value of    E r i    and RI is given in Supplementary Table S4.




2.6. Statistical Analysis


The analysis of all the experiments was performed in triplicate and the data were presented as the mean ± standard error.





3. Results


3.1. Physico-Chemical Soil Characterization


The results for physio-chemical soil characterizations are presented in Figure 3A,B. The pH of soil samples from the 10 study sites were measured as between 7.0 and 8.0. The pH indicates neutralized to weakly alkaline types of soil in all samples, as reported by Afloog (2020) [23]. For the soil organic matter (SOM), the results showed a relatively high amount of organic matter in the soil, which ranged between 4.60% and 12.41% on a weight basis in all samples. The study sites where soil samples were collected are irrigated during dry seasons, which might explain the high level of SOM in the samples. Irrigation may increase soil organic matter (SOM) due to higher biomass production [24]. According to Raheem and Omar [25], the soil from the southwestern zone of the city had the highest percentage of OM and soil from the northeastern to southeastern zones had the least OM. The study area was in the region that had the highest percentage of OM in the city (see Figure S1). SOM had remarkable effects on the soil quality, affecting not only the nutrition exchange but also the transfer ability, living organisms, soil moisture, plant growth, and presence of PTEs [26,27]. There is a strong correlation between soil pH, SOM, and soil contamination levels by PTEs. Slightly alkaline soil and a high content of organic matter together might increase the concentration of PTEs in the soil compared to non-alkaline soil with little OM [28].




3.2. Potentially Toxic Element (PTE) Concentrations


The concentrations of 12 PTEs were determined in eucalyptus leaves, Myrtus communis L. leaves, and soil samples. The results (mg/kg) are shown in Table 2A–C. The results indicate a high content of aluminum and magnesium (mg/kg) in the soil samples from all study sites in comparison with other metal concentrations, whereas in leaf samples from both trees, the concentrations of magnesium and aluminum were lower than those found in soil samples (Figure 4). A high level of magnesium in the soil is strongly related to vehicle traffic, coal combustion, and industrial activities [29,30]. Aluminum has been recognized as an element that is toxic to plants and can cause soil contamination in industrial areas [31]. Future studies should measure Mg and Al in soil and plants from domestic and agricultural areas.



It is certainly hard to determine an acceptable amount of aluminum for soil, but aluminum in acidic soils where the pH is below 5.0 is almost certainly a problem and can become toxic to plants and other living organisms. However, for soil with a pH higher than 6.0, the toxicity may not be an issue because some of the organic matter in the soil may form a complex with aluminum and make it unavailable to plants. Aluminum levels in all samples had concentrations ranging from 1 to 30% (10,000 to 300,000 mg/kgAl), which makes it nonhazardous, as reported by other researchers [32].



Some metals such as Co, Fe, Mn, Cu, Mo, Ni, and Zn are essential for plant nutrition and growth; therefore, they are present in the soil but in limited amounts. However, excessive amounts of these metals in soils can be toxic for plants and soil biota [33]. Based on the results obtained in this study, the PTE concentrations were found in the order Mg > Al > Ni > Cu > Cr > Pb > Co > As > Se > Cd > Hg > Ti in leaf samples from both kinds of trees in all 10 study sites, whereas in soil, the PTE concentrations were found in the order Mg > Al > Cr > Ni > Cu > Pb > Co > As > Se > Ti > Cd > Hg in all study sites (Table 2). According to our results, the concentration of Ni was significantly high in all soil samples, ranging from 63 mg/kg in S5 to 130 mg/kg in S9. The concentrations in all locations were higher than the permissible limits of PTEs in soil (35 mg/kg) published by the WHO [34]. The concentration of Ni in eucalyptus leaves ranged from 0.67 mg/kg to 22 mg/kg in E9, whereas concentrations in Myrtus communis L. leaves ranged between 2.6 mg/kg and 24 mg/kg in N6. The permissible limit of Ni in plants is 10 mg/kg, as published by the WHO. The concentration of Cr in soil samples exceeded the permissible level of 100 mg/kg, except for S4, which was 85 mg/kg. Cr concentrations in both plants were within the permissible levels (1–3 mg/kg), except for E6 and E7, which were 4.3 mg/kg and 4.6 mg/kg, respectively. In Myrtus communis L. leaves, Cr exceeded permissible levels in samples N3 and N5, where it was 3.8 mg/kg and 3.9 mg/kg, respectively. A remarkable concentration was recorded for Cu in soil sample S2 followed by S5, where it was 210 mg/kg and 55 mg/kg, respectively. The other soil samples remained under the limit for the level of Cu in soil (36 mg/kg). The concentration of Cu for samples from both plants remained within the permissible limit (10 mg/kg). The presence of Cr, Co, and Cu in soil is crucial for plant growth. Pb and Cd are very toxic for plants and can cause dangerous diseases in humans, such as cancer [32]. The results showed a high concentration of Pb in one soil sample, S1, at 140 mg/kg. This could be the result of the heavy oil production activities in the area (North Oil Company location). The remaining soil samples were under the limit level for Pb in uncontaminated soil (85 mg/kg) [24]. The concentrations of Pb in eucalyptus leaves ranged between 0.55 mg/kg and 2.2 mg/kg, and in Myrtus communis L. leaves the levels were between 0.38 mg/kg in N10 and 3.9 mg/kg in N4, which exceeded the permissible limit of Pb in plants (2 mg/kg) [35]. This is clearly due to the industrial activities in location 4 (see Table 1). Industrial and vehicular emissions are the main reasons for the increasing contamination of soil and plants with Pb, Cd, Cr, Co, and Se [36]. Similar results were reported by Awadh (2019) in an evaluation of urban soil in Kirkuk [37].



According to the results obtained from the Igeo index for Mg, Al, Cr, Co, Ni, Cu, As, Se, Cd, Hg, Tl, and Pb in soil samples, the contamination level varied from uncontaminated (for Mg, Al, Cr, Co, Ni, Cu, Se, Cd, Hg, Tl, and Pb) to moderate contamination, and high contamination with As for all soil samples (Figure 5). A moderate contamination with Cd and Pb was recorded in soil samples from locations 2 and 4, respectively, which are industrial and high-traffic areas. Soil contamination with lead (Pb) and cadmium (Cd) resulted from the coal released from industrial activities and vehicle emissions [38]. Similar results were reported by Al-Obeidi (2020), who found significant pollution levels of lead, chromium, and copper in industrial areas of Kirkuk city [39]. Soil contamination with arsenic (As) can be a result of agricultural activities such as pesticide and phosphate fertilizer use, or it can be a result of waste disposal and coal burning [40,41].



The bioaccumulation factor for 12 PTEs was calculated for eucalyptus and Myrtus communis L. leaves from each study site, as shown in Figure 6 and Figure 7. Bioaccumulation is an indicator of a gradual increase in contaminants such as PTEs or pesticides in plants, animals, or humans. Calculating the bioaccumulation factor in tree leaves will give an estimation of the pollution levels of PTEs in the air [22]. Most of the PTEs examined in this study might have accumulated on the surface of plant leaves in the form of dust or accumulated from the soil. To our knowledge, there is no study in this area to determine the main source of contamination. Therefore, it is not clear whether PTE accumulation on plant leaves is from the air or from the soil. The BAF for all Mg, Al, Cr, Co, Ni, Cu, As, Se, Cd, Tl, Pb PTEs was <1, indicating that the accumulation of most metals was very low, with the exception of Hg. The BAF for Hg was greater than 1 for samples from both plants, except in samples from location 4 (E4 and N4) and location 8 (N8—Myrtus communis L. leaves). Leaves contaminated with Hg were the result of exposure to petrochemicals, household detergents, pesticides, batteries, and industrial activities [42,43].



Some plant species are known for their ability to remove PTEs from the air, soil, and water in a process known as phytoremediation [44]. These special plants are used to improve environmental quality. The plants absorb and store PTEs in their roots, thus reducing the bioavailability of the contaminants. Eucalyptus, for example, can effectively absorb PTEs from soil and dust and store it in its tissues [45]. Another study showed that Myrtus communis L. plants could bioremediate the soil, and they were effective in phytoremediation of Ni and Pb without showing any morphological changes [46]. Therefore, these species could be used as a tool to clean the environment in Kirkuk city.



An indicator of the contamination level depends on the calculation of the contamination factor (CF) in soil and plant samples [21]. Based on the results shown in Figure 8A–C, the contamination factors for Cr, Cu, Cd, and Pb were low in eucalyptus leaves, whereas the contamination factor for Ni was moderate and the contamination factor for As was moderate to considerable. For Myrtus communis L. leaves, contamination factors for Cr, Cu, Cd, Ni, and Pb were low and the contamination factor for As was moderate. Soil samples taken from roadsides and industrial areas showed low to moderate contamination levels of most of the studied PTEs, except for Pb and Cd, which showed considerable to high contamination levels in some study sites. Results showed moderate contamination levels of As in all study sites.



The potential ecological risk factor (ERi) showed low to moderate contamination with Cr, Ni, Cu, As, Cd, and Pb in both plant samples from all study sites (Figure 9). In the soil samples, moderate to heavy contamination with Cd (52–177.55 mg/kg) was found in all study sites. Moderate contamination with As (32–45 mg/kg) was observed, along with low to moderate contamination from Cr, Co, Ni, and Pb. The pollution load index (PLI) and potential ecological risk (PER) were also measured in this study to identify the potential risks that PTEs have on the environment [47]. The results are shown in Figure 10 and Figure 11. All PTEs found in both plant samples posed low risk to the environment since the mean value for the ecological risk assessment for all PTEs for each location was less than 40 [22]. However, for soil samples, the results showed very high ecological risk for all study sites, as the mean value for all PTEs per location was above 40 and ranged from a minimum of 113 to a maximum of 289. This was due to the contamination level of Cd in all locations. The potential ecological risk of Cd ranged from 52 to 177.



Most PTEs, such as Pb, Co, Cd, and As, can accumulate in living organisms due to the lack of biodegradation. Therefore, these compounds are well known for their negative effects on plants, animals, and humans, and become dangerous above certain levels [48]. PTEs can stay in the soil for a very long time (thousands of years) and affect the quality of the soil, microorganisms, plant growth, and ground cover and cause many health problems. PTEs can be found in two forms. Organic PTEs are used in pesticides, especially those used on cotton plants. Inorganic forms of PTEs can be very dangerous and toxic, depending on the tolerance of the species and the environmental conditions, such as pH levels or microbial and mineral compositions [48]. For example, As can bind to oxygen, chlorine, and sulfur in the environment. Generally, inorganic As is more toxic than organic As [49]. Plants and soil can be contaminated by Pb from car exhaust, dust, and emissions from industrial activities. Pb is very toxic to humans when present in certain amounts because it cannot be chemically or biologically degraded. It causes brain damage in humans, and it stays in the soil for many years [50]. It can accumulate in the upper 8 inches of soil and cause long-term contamination that can permanently damage soil. The amount of Pb absorbed by plants depends on other parameters such as pH and SOM [51]. Some plant species are able to act as accumulators, using phytoextraction strategies to survive in highly contaminated environments. Eucalyptus and Myrtus communis L. are able to store some PTEs. The shoot-to-root ratio of PTEs for these plants is above 1. This happens because they are able to biodegrade and transform substances and store the contaminants in their tissues. However, plants that act as excluders cannot transfer PTEs to their tissues; thus, the shoot-to-root ratio of the PTEs in these plants is below 1 [52,53].





4. Conclusions


This study measured the highest levels of two metals, aluminum and magnesium (mg/kg), in soil samples from all study sites and compared them to other metals and potentially toxic elements. Whereas moderate to low amounts of magnesium and aluminum were found in leaf samples, in both plants and soil samples, moderate to significantly high concentrations of PTEs such as Cr, Cu, Pb, As, and Ni were found in some study sites. This is because some of the study sites are more affected by traffic and higher amounts of industrial activity compared to other locations. The soil samples showed high ratios of organic matter. The PTEs detected in the plant leaves were deposited onto the leaves from the air or soil. Furthermore, the calculations of pollution indices (Igeo) showed low to moderate amounts of Mg, Al, Cr, Cu, Cd, Hg, Ti, Pb, and Ni, and a high level of As in the soil. The measurements of the other pollution indices for both plant samples showed low to moderate contamination with Cr, Cu, Pb, Ni, As, and Cd. In soil, high Pb and Cd contamination was found. Both plants showed low to moderate accumulation of Mg, Al, Cr, Ni, Cu, Pb, Co, As, Se, and Ti. High bioaccumulation of Hg was observed for both plant samples from all study sites. Low potential ecological risk was observed for both plant samples, whereas high potential ecological risk was reported for soil samples from all study sites. Further investigations are recommended for this region considering the health impacts for the inhabitants of Kirkuk and the nearby areas. In addition, further investigation of air, soil, and water quality is urgently needed.
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Figure 1. (A) Eucalyptus tree; (B) Myrtus communis L. tree. 
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Figure 2. Distribution of the sample sites in Kirkuk city. 
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Figure 3. Physio-chemical characteristics of soil samples collected from 10 study sites. (A) The % of SOM; (B) the pH. 
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Figure 4. Magnesium and aluminum (mg/kg) levels in plant and soil samples. Mg and Al/E: in eucalyptus leaves, Mg and Al/N: in Myrtus communis L. leaves, Mg and Al/S: in soil samples. 
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Figure 5. Geo-accumulation index (Igeo) of soil samples from 10 study sites in Kirkuk city. The continental upper crust considered by Taylor and McLennan (1985) and McLennan (2001) was used for background values when calculating the Igeo index [18,19]. 
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Figure 6. Bioaccumulation factor (BAF) in eucalyptus leaves from 10 study sites in Kirkuk city. 
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Figure 7. Bioaccumulation factor (BAF) in Myrtus communis L. leaves from 10 study sites in Kirkuk city. 
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Figure 8. Contamination factor (CF) in (A) eucalyptus leaves, (B) Myrtus communis L. leaves, and (C) soil samples from 10 study sites in Kirkuk city. 
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Figure 9. Ecological risk (Eri) in (A) eucalyptus leaves, (B) Myrtus communis L., and (C) soil samples from 10 study sites in Kirkuk city. 
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Figure 10. Pollution load index (PLI) in (A) eucalyptus leaves, (B) Myrtus communis L. leaves, and (C) soil samples from 10 study sites in Kirkuk city. Background values for plant samples were taken from Sultan et al. (2022) [21]. Background values for soil samples were calculated from Taylor and McLennan (1985) [18] and McLennan (2001) [19]. 
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Figure 11. Potential ecological risk (PER) in (A) eucalyptus leaves, (B) Myrtus communis L., leaves, and (C) soil samples from 10 study sites in Kirkuk city. 
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Table 1. Description of the sample numbers, sample codes, study site names, and contributing sources of pollution.
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	Sample Code/Soil
	Sample Code/Eucalyptus Trees
	Sample Code/Myrtus communis L. Trees
	Sample Sites
	Contributing Sources of Pollution





	S1
	E1
	N1
	North Oil Company
	Industrial and domestic



	S2
	E2
	N2
	Bus and long vehicle terminals
	Roadside



	S3
	E3
	N3
	Southwest city motorway
	Roadside



	S4
	E4
	N4
	Southern industrial site
	Industrial and roadside



	S5
	E5
	N5
	Electricity power station
	Industrial



	S6
	E6
	N6
	Cement production company
	Industrial



	S7
	E7
	N7
	Northeast city motorway
	Roadside and industrial



	S8
	E8
	N8
	Old town center
	Roadside and domestic



	S9
	E9
	N9
	New city center
	Roadside and domestic



	S10
	E10
	N10
	Northwest city motorway
	Roadside and industrial
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Table 2. Concentration of potentially toxic elements (PTEs) (mg/Kg mean ±std) in (A) Eucalyptus leaves; (B) Myrtus communis L. leaves: and (C) Soil samples from 10 study sites. Red color indicates contamination above the permissible level, whereas light yellow indicates concentration within permissible level published by the WHO [34].
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(A) Element Concentration (mg/kg) in Eucalyptus Leaves




	
Elements

	
Mg ± Std

	
Al ± Std

	
Cr ± Std

	
Co ± Std

	
Ni ± Std

	
Cu ± Std

	
As ± Std

	
Se ± Std

	
Cd ± Std

	
Hg ± Std

	
Tl ± Std

	
Pb ± Std




	
E1

	
2500 ± 56.6

	
380 ± 1.3

	
0.05 ± 0.00

	
0.26 ± 0.01

	
14 ± 0.5

	
4.1 ± 0.1

	
0.26 ± 0.01

	
0.75 ± 0.011

	
0.058 ± 0.002

	
0.041 ± 0.001

	
0.05 ± 0.003

	
0.72 ± 0.025




	
E2

	
5500 ± 121.6

	
410 ± 1.4

	
1.9 ± 0.01

	
0.35 ± 0.01

	
10 ± 0.4

	
5.8 ± 0.2

	
0.20.01

	
0.75 ± 0.042

	
0.10 ± 0.004

	
0.035 ± 0.001

	
0.05 ± 0.002

	
1.0 ± 0.035




	
E3

	
4400 ± 123.7

	
1100 ± 3.9

	
2.8 ± 0.10

	
0.47 ± 0.02

	
14 ± 0.5

	
7.5 ± 0.3

	
0.32 ± 0.01

	
0.75 ± 0.005

	
0.065 ± 0.002

	
0.036 ± 0.001

	
0.05 ± 0.002

	
1.0 ± 0.035




	
E4

	
3000 ± 106.1

	
590 ± 2.1

	
2.5 ± 0.09

	
0.34 ± 0.01

	
10 ± 0.4

	
11 ± 0.4

	
0.26 ± 0.01

	
0.75 ± 0.018

	
0.065 ± 0.002

	
0.023 ± 0.001

	
0.05 ± 0.003

	
2.2 ± 0.078




	
E5

	
4600 ± 62.2

	
550 ± 1.9

	
2.3 ± 0.08

	
0.39 ± 0.01

	
14 ± 0.5

	
6.8 ± 0.2

	
0.24 ± 0.01

	
0.75 ± 0.023

	
0.05 ± 0.002

	
0.03 ± 0.001

	
0.05 ± 0.002

	
0.76 ± 0.027




	
E6

	
2100 ± 35.4

	
700 ± 2.5

	
0.15

	
0.94 ± 0.03

	
7.9 ± 0.3

	
5.6 ± 0.2

	
0.79 ± 0.03

	
0.75 ± 0.008

	
0.075 ± 0.003

	
0.02 ± 0.001

	
0.05 ± 0.002

	
1.4 ± 0.049




	
E7

	
3700 ± 7.1

	
1300 ± 4.6

	
4.6 ± 0.16

	
0.51 ± 0.02

	
17 ± 0.6

	
6.1 ± 0.2

	
0.63 ± 0.02

	
0.75 ± 0.027

	
0.05 ± 0.002

	
0.03 ± 0.001

	
0.05 ± 0.002

	
1.8 ± 0.064




	
E8

	
2100 ± 35.4

	
510 ± 1.8

	
1.9 ± 0.07

	
0.28 ± 0.01

	
8.1 ± 0.3

	
6.2 ± 0.2

	
0.52 ± 0.02

	
0.75 ± 0.013

	
0.067 ± 0.002

	
0.039 ± 0.001

	
0.05 ± 0.002

	
0.93 ± 0.033




	
E9

	
3000 ± 14.1

	
440 ± 1.6

	
1.9 ± 0.07

	
0.63 ± 0.02

	
22 ± 0.8

	
7.6 ± 0.3

	
0.25 ± 0.01

	
0.75 ± 0.027

	
0.05 ± 0.002

	
0.044 ± 0.002

	
0.05 ± 0.002

	
0.68 ± 0.024




	
E10

	
3900 ± 17.7

	
340 ± 1.2

	
1 ± 0.04

	
0.67 ± 0.02

	
0.67 ± 0.0

	
5.8 ± 0.2

	
0.16 ± 0.01

	
0.75 ± 0.018

	
0.051 ± 0.002

	
0.028 ± 0.001

	
0.05 ± 0.002

	
0.55 ± 0.019




	
(B) Element Concentration (mg/kg) in Myrtus communis L. Leaves




	
Samples

	
Mg ± Std

	
Al ± Std

	
Cr ± Std

	
Co ± Std

	
Ni ± Std

	
Cu ± Std

	
As ± Std

	
Se ± Std

	
Cd ± Std

	
Hg ± Std

	
Tl ± Std

	
Pb ± Std




	
N1

	
3300 ± 133.6

	
370 ± 1.3

	
1.2 ± 0.04

	
1.5 ± 0.05

	
3.6 ± 0.1

	
6.3 ± 0.2

	
0.24 ± 0.01

	
0.75 ± 0.013

	
0.21 ± 0.007

	
0.049 ± 0.002

	
0.05 ± 0.002

	
0.93 ± 0.033




	
N2

	
2700 ± 14.1

	
580 ± 2.1

	
1.6 ± 0.06

	
0.44 ± 0.02

	
3.1 ± 0.1

	
5.8 ± 0.2

	
0.19 ± 0.01

	
0.75 ± 0.011

	
0.17 ± 0.006

	
0.02 ± 0.001

	
0.05 ± 0.002

	
1.2 ± 0.042




	
N3

	
4400 ± 17.7

	
960 ± 3.4

	
3.8 ± 0.13

	
1.9 ± 0.07

	
6.5 ± 0.2

	
5.8 ± 0.2

	
0.42 ± 0.01

	
0.75 ± 0.011

	
0.11 ± 0.004

	
0.02 ± 0.001

	
0.05 ± 0.002

	
1.5 ± 0.053




	
N4

	
2000 ± 3.5

	
730 ± 2.6

	
3.1 ± 0.11

	
0.79 ± 0.03

	
5 ± 0.2

	
9.1 ± 0.3

	
0.33 ± 0.01

	
0.75 ± 0.012

	
0.15 ± 0.005

	
0.02 ± 0.001

	
0.05 ± 0.002

	
3.9 ± 0.138




	
N5

	
6000 ± 21.2

	
810 ± 2.9

	
3.9 ± 0.14

	
0.83 ± 0.03

	
5.3 ± 0.2

	
6.3 ± 0.2

	
0.45 ± 0.02

	
0.75 ± 0.014

	
0.13 ± 0.005

	
0.02 ± 0.001

	
0.05 ± 0.002

	
1.4 ± 0.049




	
N6

	
3500 ± 84.9

	
490 ± 1.7

	
2.9 ± 0.10

	
0.7 ± 0.02

	
24 ± 0.8

	
5.2 ± 0.2

	
0.5 ± 0.02

	
0.75 ± 0.027

	
0.076 ± 0.003

	
0.042 ± 0.001

	
0.05 ± 0.002

	
1.1 ± 0.039




	
N7

	
3500 ± 38.9

	
700 ± 2.5

	
2.7 ± 0.10

	
1.4 ± 0.05

	
6.9 ± 0.2

	
8.4 ± 0.3

	
0.46 ± 0.02

	
0.75 ± 0.014

	
0.087 ± 0.003

	
0.033 ± 0.001

	
0.05 ± 0.002

	
1.2 ± 0.042




	
N8

	
2500 ± 8.5

	
240 ± 0.8

	
0.85 ± 0.03

	
0.47 ± 0.02

	
2.6 ± 0.1

	
5.3 ± 0.2

	
0.19 ± 0.01

	
0.75 ± 0.029

	
0.11 ± 0.004

	
0.02 ± 0.001

	
0.05 ± 0.002

	
0.88 ± 0.031




	
N9

	
2700 ± 7.1

	
470 ± 1.7

	
1.9 ± 0.07

	
1.7 ± 0.06

	
5.6 ± 0.2

	
7 ± 0.2

	
0.27 ± 0.01

	
0.75 ± 0.027

	
0.061 ± 0.002

	
0.02 ± 0.001

	
0.05 ± 0.002

	
1.1 ± 0.039




	
N10

	
4800 ± 56.6

	
330 ± 1.2

	
1.2 ± 0.04

	
0.21 ± 0.01

	
9.8 ± 0.3

	
6.2 ± 0.2

	
0.22 ± 0.01

	
0.75 ± 0.019

	
0.067 ± 0.002

	
0.036 ± 0.001

	
0.05 ± 0.002

	
0.38 ± 0.013




	
(C) Element Concentration (mg/kg) in Soil Samples




	
Samples

	
Mg ± Std

	
Al ± Std

	
Cr ± Std

	
Co ± Std

	
Ni ± Std

	
Cu ± Std

	
As ± Std

	
Se ± Std

	
Cd ± Std

	
Hg ± Std

	
Tl ± Std

	
Pb ± Std




	
S1

	
16,000 ± 141.4

	
28,000 ± 99.0

	
120 ± 4.24

	
15 ± 0.53

	
100 ± 3.5

	
23 ± 0.8

	
6.3 ± 0.22

	
4.1 ± 0.146

	
0.23 ± 0.008

	
0.02 ± 0.001

	
0.15 ± 0.005

	
25 ± 0.884




	
S2

	
9900 ± 35.4

	
17,000 ± 60.1

	
150 ± 5.30

	
9.6 ± 0.34

	
65 ± 2.3

	
210 ± 7.4

	
4.8 ± 0.17

	
2.9 ± 0.102

	
0.52 ± 0.018

	
0.02 ± 0.001

	
0.095 ± 0.003

	
140 ± 4.950




	
S3

	
19,000 ± 134.4

	
29,000 ± 102.5

	
120 ± 4.24

	
16 ± 0.57

	
120 ± 4.2

	
25 ± 0.9

	
6.8 ± 0.24

	
5.1 ± 0.180

	
0.28 ± 0.010

	
0.02 ± 0.001

	
0.17 ± 0.006

	
27 ± 0.955




	
S4

	
12,000 ± 84.9

	
18,000 ± 63.6

	
89 ± 3.15

	
11 ± 0.39

	
70 ± 2.5

	
55 ± 1.9

	
5.4 ± 0.19

	
3.4 ± 0.121

	
0.58 ± 0.021

	
0.035 ± 0.001

	
0.092 ± 0.003

	
67 ± 2.369




	
S5

	
11,000 ± 77.8

	
18,000 ± 63.6

	
120 ± 4.24

	
9.9 ± 0.35

	
63 ± 2.2

	
24 ± 0.8

	
5 ± 0.18

	
3.5 ± 0.123

	
0.17 ± 0.006

	
0.02 ± 0.001

	
0.086 ± 0.003

	
30 ± 1.061




	
S6

	
17,000 ± 120.2

	
19,000 ± 67.2

	
140 ± 4.95

	
12 ± 0.42

	
98 ± 3.5

	
17 ± 0.6

	
5.2 ± 0.18

	
3.4 ± 0.122

	
0.18 ± 0.006

	
0.02 ± 0.001

	
0.087 ± 0.003

	
9.1 ± 0.322




	
S7

	
13,000 ± 91.9

	
24,000 ± 84.9

	
150 ± 5.30

	
13 ± 0.46

	
94 ± 3.3

	
26 ± 0.9

	
6.3 ± 0.22

	
3.6 ± 0.127

	
0.29 ± 0.010

	
0.02 ± 0.001

	
0.12 ± 0.004

	
34 ± 1.202




	
S8

	
16,000 ± 113.1

	
21,000 ± 74.2

	
170 ± 6.01

	
12 ± 0.42

	
76 ± 2.7

	
24 ± 0.8

	
5.3 ± 0.19

	
3.7 ± 0.130

	
0.25 ± 0.009

	
0.029 ± 0.001

	
0.11 ± 0.004

	
33 ± 1.167




	
S9

	
19,000 ± 134.4

	
27,000 ± 95.5

	
140 ± 4.95

	
17 ± 0.60

	
130 ± 4.6

	
27 ± 1.0

	
6.7 ± 0.24

	
4.7 ± 0.167

	
0.24 ± 0.008

	
0.02 ± 0.001

	
0.14 ± 0.005

	
9.1 ± 0.322




	
S10

	
19,000 ± 67.2

	
25,000 ± 88.4

	
150 ± 5.30

	
14 ± 0.49

	
110 ± 3.9

	
20 ± 0.7

	
6.4 ± 0.23

	
4.1 ± 0.145

	
0.19 ± 0.007

	
0.02 ± 0.001

	
0.12 ± 0.004

	
11 ± 0.389
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