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Abstract

:

Enhanced soil’s magnetic susceptibility reflects particles of anthropogenic/natural origin; therefore, it can be utilized as an indication of soil contamination. A total of 51 different land-use soil samples collected from Greater Cairo, Egypt, were assessed integrally using potentially toxic elements content (PTEs), magnetic susceptibility, and statistical and spatial analysis. PTE concentrations were compared to the world average, threshold, and screening values set by literature. Various environmental indices were estimated to assess soil contamination with these elements. Spatial distribution maps of PTEs and environmental indices were constructed to provide decision makers with a certain identification of riskier areas. In general, the concentrations of the analyzed PTEs showed variation with land-use types and follows a pattern of: Industrial > Agricultural > Urban. The distribution of PTEs in Greater Cairo was influenced by several anthropogenic sources, including traffic emission, industrial activity, and agricultural practices. The measured magnetic susceptibility values indicate magnetically enhanced soil signals dominated by multi-domain or pseudo-single-domain superparamagnetic particles of anthropogenic origin. A significant association was observed between magnetic susceptibility values and Co, Cr, Cu, Ni, and V, and the calculated environmental indices. It can be concluded that magnetic susceptibility is of proven effectivity in the assessment of soil contamination.
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1. Introduction


Soil represents the ultimate target and sinks for possible contaminants such as potentially toxic elements (PTEs) dispersed in various environmental compartments by human activities [1,2]. Soil contamination with PTEs is significantly increasing over the world and associated with massive urbanization and uncontrolled agricultural and intensive industrial activities [3,4,5,6,7,8]. Recently, assessment of PTE contamination in the soil of different land-use types has received growing attention since it has been related to several serious environmental problems [9,10,11,12]. Moreover, transfer and bioaccumulation of soil PTEs to cultivated crops can pose a frightening risk to human health through the food chain [13,14,15,16]. Many health-related problems were linked to overexposure to PTEs [10,17,18].



Remediation of contaminated soils is crucial, and research is continuing to develop novel, science-based remediation techniques. Chemical, physical, thermal remediation, and bioremediation (phytoremediation and microbial degradation) have been examined and recommended [19,20,21]. Monitoring and risk-assessment approaches are comparable worldwide and are intended to help identify and evaluate whether natural or anthropogenic inputs are responsible for soil contamination, and the extent to which that contamination is posing a risk to the environment and to human health [1,22]. Many effective integrated monitoring strategies have been used in assessment of soil contamination with PTEs, such as chemical measurements, magnetic susceptibility, multivariate analysis, geostatistical treatment, remote sensing, geographic information system (GIS), chemometric tools for data interpretation, and geographical detector methods [23,24].



Easily measured and cost-effective magnetic properties (susceptibility) are extensively used to identify and trace pollution of anthropogenic origin in various environmental samples including soils, dust, and sediments [25,26,27,28,29,30], and biomass such as tree leaves, bark, moss, and lichens [31,32,33,34,35]. A clear relationship between the soil magnetic susceptibility and the contents of PTEs is observed and provides evidence in regions influenced by industrial emissions or close to urban centers [27,29,36,37].



In Egypt, like in most developing African countries, environmental management legislation often lags behind uncontrolled human activity. Continuous urbanization and industrial development of the Nile Delta region have caused a considerable increase in PTE contamination of the limited fertile soil, creating a potential health risk of vast proportions [6,38]. To alleviate the stress on limited soil resources, considerable Egyptian efforts have been made in the field of improvement of soil fertility [39] and soil remediation [40,41,42]. There are few studies in Egypt using magnetic and chemical analysis techniques as parameters for assessment of soil contamination [43,44]. Therefore, the aims of the present study are to: (1) delineate the relative degree of contamination of different land-use soil in the study area to help identify potential sources of PTE contaminations; (2) investigate the soil magnetic susceptibility; (3) explore the relationship between soil contamination and magnetic susceptibility, and; (4) provide sustainable management suggestions to decision makers.




2. Materials and Methods


To specify and sketch out research aims, procedures, and the approach, a conceptual model is designed as a guide to the main steps outlined in this study (Figure 1).



2.1. The Study Area


The study area is located in the southern part of the Nile Delta (Figure 2). The area is located between 29.8° and 30.35° N and between 31.16° and 31.46° E, and represents about 1925 km2 including Cairo city and its vicinities. The study area has a typical Mediterranean climate (arid to semi-arid), which is characterized by hot dry summers and warm winters, with scarce rainfall.



In addition to agricultural and urban areas, this area contains two major industrial zones, IZ1 and IZ2 (Figure 1). These zones contain numerous factories including a lead factory, porcelain factory, fertilizer factory, iron smoker, and metallurgical industries (IZ1), and a cement factory, chemical industries factory, engineering industries factory, and machinery equipment factory (IZ2). Moreover, it has been an important transportation hub with a lot of the densest highway networks in Egypt.



Farmers in several sections of the Nile Delta apply excessive amounts of agrochemicals (pesticides and fertilizers) to help maximize crop yields without regard to the risks that may arise from these practices [45]. Major types of applied fertilizers in Egypt include urea, ammonium sulphate, ammonium nitrate, calcium nitrate, single and concentrated superphosphate, potassium sulphate, and potassium chloride [46,47]. Furthermore, farmers employ drainage water (agricultural drainage, industrial, and household wastewater) to overcome the scarcity of clean water resources [48].



As a part of the Nile Delta, the study area was completely covered with Quaternary sediments that typically comprise alluvium deposits (Aridisol and Entisol) formed through sedimentation processes by the Nile River as a result of repeated flooding through geologic time. Different weathering processes (physical, chemical, and biological) played a key role in forming the present Nile Delta alluvium deposits from the hard rocks of the Ethiopian Highlands [49]. The Nile Delta is marked by moderately alkaline deposits rich with organic matter, nutrients, clay, and silt, and usually classified as silty clay and clayey soil [49,50,51].




2.2. Sampling and Samples Preparation


A total of 51 sites were selected to obtain surface soil samples (0–5 cm) (Figure 2), representing different land uses in Greater Cairo; agricultural, urban, and industrial. The sample’s locations were determined using a Garmin GPS instrument. Samples were collected in the summer of 2020 and compiled in the winter of 2021, avoiding places with macro-magnetic objects, such as iron debris (nails, wires, etc.) and waste material. Soil samples were air-dried, carefully mixed, homogenized, and divided into smaller amounts to be representative for further chemical analysis, and magnetic measurements.




2.3. Chemical Analyses


The absence of international consensus on a unique digestion method prevent us to interpret the data in the same way all over the world. The accurate method of characterizing soil contamination in common is to determine total PTE concentrations (using strong acids, HNO3, HClO4, and HF), especially when the analyzed elements are critically compared to international standards such as background values used in different pollution indices and human health risk-assessment methodology, which are based on total PTE concentrations [2,3,4,9,11,12,13,14,52,53,54].



The chemical analyses were performed using the ICP-MS technique in ACME Lab, Vancouver, Canada (ISO 17025 and ISO/IEC 17025). The PTE concentrations were determined as total concentrations after acid digestion. Pulverized samples (0.25 g) were digested in open vessels on a hot plate using a combination of HNO3, HClO4, and HF to dissolve the silicate minerals. Samples were heated to fuming and taken to dryness and the residue was dissolved in HCl [55].




2.4. Magnetic Measurements


Samples for laboratory magnetic measurements were wrapped in a 10 cm3 cylindrical plastic vessel. Volume-specific (k) mass-specific (χ) magnetic susceptibility measurements were performed using an Agico MFK1-FA Kappabridge device at room temperature at Geomagnetism Laboratory, National Research Institute of Astronomy and Geophysics (NRIAG), Helwan, Cairo, Egypt. Magnetic susceptibility was measured at low field (200 A/m) applying two frequencies (976 and 15,616 Hz).



Variation of the magnetic susceptibility (k) as a function of temperature (T °C) was measured using an Agico MFK1-FA Kappabridge device with a CS4 temperature furnace for continuous heating from room temperature to 700 °C in an air atmosphere. These variations were presented in k–T curves to check possible changes in magneto-mineralogy in the analyzed samples.



The percentage frequency-dependent susceptibility values were calculated using Equation (1) [56].


   χ  f d      %    =   χ 976 − χ 15 , 616   χ 976   × 100  



(1)








2.5. Pollution Assessment


Single pollution indices such as Enrichment Factor (EF) [57] and Geo-accumulation index (Igeo) [58,59] were calculated to quantify anthropogenic inputs of each element above its natural levels in the study-area soils. Furthermore, integrated pollution indices such as Improved Nemerow’s Pollution Index (Pn) [60], Pollution Load Index (PLI) [61,62], and Potential Ecological Risk Index (PERI) [61] were calculated to conduct an integrative assessment of soil ecosystem quality in every sampling site and evaluate the potential ecological risks posed by the PTE contamination considering multi-element contamination. The formulae used for calculating the various single and integrated indices are summarized in Table S1 (in Supplementary Materials).



Background values usually represent the basis for precisely differentiating between the natural concentration of chemical elements and their elevated concentrations with an anthropogenic impact. Dealing with soil contamination with PTEs, researchers have usually employed several background values such as national background values [2,7,8,14], world average shale [4,15,57,60], and average concentration in the earth’s crust [1,5,6,51,63].



A national Egyptian background concentration for PTEs in soil and soil quality guidelines has yet been unestablished. Due to the long-time duration of anthropogenic activities in the Nile Valley and its Delta, it is injudicious to consider the soils of any part of the Nile Valley as virgin with respect to soil pollution. The Quaternary sediments covering the Nile Delta originated from the weathering of different rock types. Therefore, the average composition of the upper continental crust [64] will be correctly taken as the background value. Worldwide average soil [65] and the European Union maximum Pollution Limit (MPL) of PTEs in agricultural soil [66] will be considered as threshold and screening values.




2.6. Statistical Treatment


Sampling locations and spatial distribution maps of PTEs in the study area were presented using Google Earth and Surfer software (version 13). Descriptive statistics and boxplots were presented by OriginLab (version OriginPro 2021). Bivariate X–Y plots with the coefficient of determination R2 of linear fit were calculated and illustrated by OriginLab. Multivariate statistical analyses such as Pearson Correlation Coefficient (PCC) and R mode Hierarchical Cluster Analysis (HCA) were determined by using SPSS (version 21). Bivariate and multivariate statistical analyses were calculated to define the correlations between assorted PTE pairs and interrelationship between PTE levels and major elements (Al, Fe, Mn, Ti), and measured magnetic susceptibility in the considered soil samples.





3. Results


3.1. PTE Distribution


The concentrations and descriptive statistical parameters (minimum, maximum, mean, and standard deviation) of the measured PTEs and some major elements (Al, Fe, and Mn) in the analyzed samples are summarized in Table 1. V and Zn were recorded in the highest concentrations, and at the same time Hg had the lowest concentrations in all land-use soil samples. In general, the concentrations of Co, Cr, Cu, Hg, Ni, Pb, V, and Zn ranged from 0.0 to 35, 4–138, 3–101, 0.0–0.19, 3–97, 0–113, 8–208, and 6–899 ppm, respectively. The mean concentrations of these PTEs followed the order V > Zn > Cr > Cu > Ni > Pb > Co > Hg, Zn > V > Cr > Cu > Ni > Co > Pb > Hg, and Zn > V > Cr > Cu > Ni > Pb > Co > Hg in agricultural, industrial, and urban soil, respectively (Table 1 and Figure 3).



Comparing the obtained results with the world soil average [65] (Table 1), Co, Cr, Cu, Ni, Pb, V, and Zn concentrations surpassed this average in 56.8%, 56.8%, 50.9%, 56.8%, 25.5%, 35.3%, and 64.7% of the considered samples, respectively. This indicates that the PTE distribution may be adversely affected by anthropogenic activities in varying degrees. Comparing with the threshold values for soil quality [66] (Table 1), Co, Cr, Cu, Ni, Pb, V, and Zn indicated elevated levels above these values in 45.1%, 29.4%, 2.0%, 43.1%, 7.8%, 49.0%, and 7.8% of the considered samples, respectively. This indicates a potential contamination risk relating to soil quality and demands urgent consideration in future in this area. Concerning MPL in agricultural soil [66] (Table 1), all values collected in this study for the measured PTEs were less than the MPL, except for V and Zn, which surpassed that level in 27.5% and 5.8% of the considered samples, respectively.



Spatial distribution maps presented in Figure 4 provide a comprehensive illustration of the concerned PTE distribution over the study area. These maps clearly indicate that the PTEs’ intensive concentrations are recorded around or near industrial zones (Figure 1). These results obviously indicate an influence of anthropogenic activities on PTEs (Co, Cr, Cu, Ni, Pb, V, and Zn) contamination in the study area. Such influence is most likely associated with industrial activities, intensive urbanization, and agricultural activity. The Co, Cr, Ni, Pb, and Zn enhanced concentrations in soil may be mainly derived from traffic congestion, fuel consumption, and coal combustion [8,13,15,67,68]. Equally, soil can be contaminated with Co, Cr, Cu, Ni, Pb, V, and Zn from industrial activity via atmospheric deposition [3,4,6,8,20,68]. Agricultural soils can be contaminated with Co, Cr, Cu, Ni, Pb, and Zn through misuse of pesticide (herbicides, insecticides, and fungicides), intensive surface application and spraying of chemical fertilizer, organic manure, the reuse of agricultural drainage water, discharging of industrial effluents into irrigation waterways, and reuse of treated wastewater [11,19,51,65,68,69,70,71].




3.2. Metals Contamination and Ecological Risk


The EF values have been calculated to assess the anthropogenic impacts on the PTEs in the considered soil samples and presented in Figure 5. The majority of EF values of the measured PTEs have shown moderate enrichment (EF = 2–5). Some samples recorded high EF values (5–20) for Cr, Cu, Hg, Pb, and Zn, showing significant enrichment, suggesting that these elements are probably enriched through anthropogenic activities.



Igeo values are shown in Figure 5. In the current study, most of the calculated Igeo values were found between 0 and 1 (class 1) [59], which indicates almost uncontaminated to moderately contaminated soil. Igeo values of Pb in some soil samples were between 1 and 2 (class 2), indicative of moderately contaminated soil. Igeo values of Zn in one sample were found between 2 and 3 (class 3), which indicates moderately to heavily contaminated soil.



However, the EF and Igeo are considered as single-element contamination indices and fail to accurately reflect the comprehensive contamination for all PTEs of each sampling site. In this regard, integrated multi-element contamination indices such as Pn, PLI, and PERI were required in order to adequately evaluate the PTEs-contamination level over the investigated area [51,60,72].



The calculated values of Pn for each land use are presented in Table 2 and Figure 5. Pn values for agricultural and urban samples are between 0 and 1 (class 0 and 1) [60], which means that these soils are practically uncontaminated and uncontaminated to moderately contaminated, except for one urban soil sample of moderately contaminated class. On the other hand, Pn values for industrial soil show a broad range of contamination from 0 to > 5 (class 1 to 7).



The calculated Cf-based PLI values for the three land-use soil samples (Table 2; Figure 5) show a wide range of contamination from unpolluted to strongly polluted. The results of PERI and risk levels for the measured PTEs in different land uses are shown in Table 2 and Figure 5. In terms of PERI, the agricultural, industrial, and urban soil samples were a low and moderate risk. Some samples of different land uses recorded high risk levels. As expected, the areas of high PTEs-contamination levels also show elevated PERI level.



The spatial distributions maps of Pn, PLI, and PERI in Greater Cairo soil samples are shown in Figure 6. These maps are of profound importance, providing decision makers a certain identification of riskier areas.




3.3. Magnetic Properties


Magnetic susceptibility of soils is due almost solely to Fe (and Ti-substituted) oxides. Investigated soil samples exhibited clear differences regarding the concentration of magnetic carriers between the different land-use soil. Agriculture soil samples were characterized by fairly reversible heating and cooling curves during thermomagnetic susceptibility (k–T) cycles indicating titanomagnetite (Fe2+(Fe3+,Ti)2O4) as the main carrier of magnetization in these soils (Figure 7a,b). The thermomagnetic susceptibility curves of these soil samples showed three Tc of 350 °C, 580 °C, and 680 °C, indicating that titanomagnetite, magnetite (Fe3O4), and hematite (α-Fe2O3) dominate their magnetic properties. On the other hand, industrial and urban soil samples were characterized by strong reversible heating and cooling cycles (k–T curves) (Figure 7c–f) typical for multi-domain (MD) magnetite, which, despite the masking effect of newly formed magnetite, confirms the existence of magnetite in the original samples.



The bulk magnetic susceptibility values (k) range between 0.15 and 3.56 × 10−3, 0.21–3.42 × 10−3, and 0.15–3.56 × 10−3 for agricultural, industrial, and urban soil samples, respectively. Likewise, the mass-specific magnetic susceptibility (χ) ranges between 0.17 and 6.18 × 10−6, 0.24–6.12 × 10−6, and 0.17–6.18 × 10−6 m3/kg for agricultural, industrial, and urban soil samples, respectively (Table 3; Figure 8a). The measured magnetic susceptibility values indicate magnetically enhanced soil signals. k and χ show nearly the same distribution over Greater Cairo (Figure 8b).



Most of the investigated samples (92%) exhibited χfd% values < 5%, suggesting that the multi-domain or pseudo-single-domain superparamagnetic particles were dominant, and the absence of ultra-fine superparamagnetic particles (several to tens of nanometers) of pedogenic origin [56]. However, some samples of agricultural and urban soil exhibited χfd% > 5%. Pedogenic influence of superparamagnetic particles should not be excluded in these samples [56,73].




3.4. Statistical Analyses


Bivariate regression fitted scatter plots between the major and minor elements (Al, Fe, Mn, and Ti) and the PTEs are illustrated in Figure 9. As it turned out, there were significant positive linear relationships between Al and each of Co (R2 = 0.940), Cr (R2 = 0.905), Cu (R2 = 0.628), Ni (R2 = 0.946), and V (R2 = 0.934). Next to silicon, aluminum represents the main element in clay minerals. The observed association between Co, Cr, Cu, Ni, and V with Al indicates that clay minerals play a significant role in the distribution of these PTEs [51]. Al-oxides and Al-bearing phyllosilicates have high affinities for some PTEs such as Co, Cu, Cr, Ni, Pb, and Zn [74,75,76]. Findings using in situ molecular-scale technique indicate that Co, Cu, Ni, Pb, and Zn in soil may be strongly adsorbed on the edge sites of phyllosilicates minerals due to the presence of −SiOH or −AlOH groups [75,76]. Furthermore, other positive linear relationships existed between Co, Cr Cu, Ni, and V and Fe, Mn, and Ti, indicating the effect of these scavenger major elements in their distribution. In addition, there were weak positive linear relationships between Zn and Al, Fe, Mn, and Ti. Furthermore, there were unusually weak linear relationships between Pb and Al, Fe, Mn, and Ti. Fe/Mn oxides (hydroxides and oxyhydroxides) are ubiquitous mineral particles in soil. Sufficient evidence was recorded for an intimate association of several PTEs with Fe/Mn oxides in soil assuming that these oxides act as main reservoirs for PTEs and affect their dynamics in soils. For example, the average proportions of Co, Cu, Ni, Pb, and Zn occluded in Mn/Fe oxides in soils are 55, 58, 55, 43, and 57%, respectively, as indicated by a sequential extraction procedure [77]. Palumbo et al. [78], Tan et al. [79], and Gasparatos [80] demonstrated that in Fe-Mn nodules from different soils, Co, Cr, Cu, Ni, Pb, V, and Zn are considerably enriched with respect to the surrounding soils. Sipos et al. [81] have found a close association of Co, Cr, Cu, Pb, and Zn concentrations to Fe fractionation in Hungarian metal-contaminated soils.



Figure 10 represents the scatter plots between magnetic susceptibility values (k and χ) and the PTEs. Co, Cr Cu, Ni, and V showed significant positive linear relationships with magnetic susceptibility values. Interestingly, the observed positive relations of these PTEs with k were more significant than those of χ.



PCC analysis was conducted to clearly reveal the correlation between all the considered variables. As can be observed from Table 4, the associations between Co, Cr, Cu, Ni, and V and major elements were confirmed by PCC analysis. Likewise, the association between these PTEs and magnetic susceptibility values was also confirmed. Zn exhibited a positive correlation with Al, Fe, Mn, Ti, and magnetic susceptibility values. Furthermore, significant positive correlations were noted between magnetic susceptibility values and the calculated pollution indices.



The output of HCA is a dendrogram connecting variables with a significant degree of similarities. The results of HCA (Figure 11) show that there are two main distinctive clusters among the considered variables. Cluster (1) splits into two subclusters: A (Mn, Co, Ti, V, Al, and Cr) and B (Fe and Ni). This confirms the significant role played by major ions in the distribution of Co, Cr, Ni, and V. The confirmed association between Co, Cr, Ni, and V suggests these elements have mixed anthropogenic sources of industrial, agriculture, and transportation. Cluster (2) is related to Cu, Zn, and Pb, which are frequently associated elements and are normally detected in industrial effluents [60], suggesting these elements have multiple anthropogenic/lithogenic sources in the studied soil.



A very important question arises here about the notable absence of any association of Pb, and the weak association of Zn, with the major elements or magnetic susceptibility values, despite associations being well-documented in previous research [27,82]. This may be attributed to the very high spatial variability of Pb and Zn existence from one site to another, which is reflected in the calculated high standard deviation values. This question motivates further research concerning the fractionation of Pb and Zn in the investigated samples.





4. Conclusions and Recommendations


Obvious accumulation of soil PTEs was detected in different land uses in Greater Cairo. In general, the concentrations of Co, Cr, Cu, Hg, Ni, Pb, V, and Zn range from 0.0 to 35, 4–138, 3–101, 0.0–0.19, 3–97, 0–113, 8–208, and 6–899 ppm, respectively. Co, Cr, Cu, Ni, Pb, V, and Zn concentrations surpass world soil average and threshold values for soil quality in many sampling sites. The majority of EF and Igeo values have shown moderate enrichment and uncontaminated to moderately contaminated soil. PLI values show a wide range of contamination from unpolluted to strongly polluted, while PERI values are in a low- and moderate-risk classes.



The distribution of the soil PTEs in Greater Cairo was influenced by several anthropogenic sources including traffic emission, industrial activity, and agricultural practices. The measured magnetic susceptibility values indicate magnetically enhanced soil signals dominated by multi-domain or pseudo-single-domain superparamagnetic particles of anthropogenic origin. The observed association between Co, Cr, Cu, Ni, and V with Al, Fe, Mn, and Ti indicates that clay minerals and scavenger major elements play significant roles in the distribution of these PTEs. The confirmed association between Co, Cr, Ni, V suggests these elements have mixed anthropogenic sources of industrial, agriculture, and transportation. Association between Cu, Zn, and Pb suggests these elements are derived from multiple anthropogenic/lithogenic sources in the study area. A significant association was observed between magnetic susceptibility values and Co, Cr, Cu, Ni, and V, and the calculated environmental indices. Soil-quality assessment can benefit enormously from usage of magnetic susceptibility measurements. Based on the proposed approach and according to the results of this study, performing these measurements prior to geochemical investigation reduces the collected number of samples and the cost of chemical analyses. Therefore, this approach could be used in regional studies utilizing field magnetic measurements as a reconnaissance study, followed up by collecting samples for geochemical analyses from the highly magnetic anomaly zones.



Based on the obtained results, the following recommendations could be given for the best management of soil quality:




	
Treat wastewater in order to limit toxic heavy-metal contamination from this source.



	
Carefully manage fertilizer and pesticide use and educate farmers about the side-effects of fertilizers and pesticides.



	
Use the applicable method for remediation and cleaning soil that suffers from contamination.



	
Factory sites should have environment-friendly plants through the effective use of resources and implementation of environmental management to conserve biodiversity through the appropriate management of chemicals and cooperation with local communities.



	
Monitor the contaminated soil periodically.
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Figure 1. A conceptual model representing research aims and main steps. 
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Figure 2. Map displaying the study area and sampling sites. 
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Figure 3. Boxplots of PTE concentrations in different land-use soil. 
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Figure 4. Spatial distribution of PTEs. 
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Figure 5. Boxplots of EF, Igeo, Pn, PLI, and PERI values. 
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Figure 6. Spatial distribution of Pn, PLI, and PERI values. 
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Figure 7. Thermomagnetic analysis (k–T curves) of representative soil sample for different land uses: agricultural (a,b), industrial (c,d), and urban (e,f); heating curve (red), cooling curve (blue). 
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Figure 8. Boxplots of k and χ values (a); Spatial distribution of k and χ values (b). 
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Figure 9. Scatter plot of PTEs with Al, Fe, Mn, and Ti. 
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Figure 10. Scatter plot of PTEs with k and χ values. 
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Figure 11. Dendrograms of PTEs and major elements using Ward’s method. 
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Table 1. Descriptive statistics of PTEs (ppm) in different land-use soil.
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Land Use

	
Al

	
Mn

	
Fe

	
Ti

	
Co

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
V

	
Zn






	
Agricultural

(N = 27)

	
Min.

	
7100

	
69

	
3300

	
400

	
BDL

	
7.00

	
10.00

	
UDL

	
4.00

	
7.00

	
9.00

	
36.00




	
Max.

	
80,700

	
1375

	
71,100

	
12,200

	
34.00

	
138.00

	
101.00

	
0.14

	
82.00

	
108.00

	
208.00

	
215.00




	
Mean

	
50,181

	
767

	
41,181

	
6456

	
19.07

	
81.15

	
46.56

	
0.02

	
46.04

	
30.48

	
112.56

	
96.33




	
St.D.

	
26,276

	
465

	
23,988

	
3878

	
11.58

	
45.09

	
23.74

	
0.04

	
27.36

	
24.50

	
67.22

	
37.75




	
Industrial

(N = 9)

	
Min.

	
6500

	
54

	
3000

	
700

	
UDL

	
4.00

	
3.00

	
BDL

	
3.00

	
BDL

	
8.00

	
6.00




	
Max.

	
84,600

	
1572

	
76,000

	
12,300

	
35.00

	
113.00

	
84.00

	
0.19

	
97.00

	
26.00

	
206.00

	
899.00




	
Mean

	
36,811

	
552

	
29,400

	
4433

	
13.11

	
50.11

	
35.89

	
0.03

	
34.00

	
10.89

	
77.67

	
206.67




	
St.D.

	
28,248

	
516

	
25,831

	
4015

	
12.30

	
40.81

	
29.63

	
0.06

	
32.18

	
11.56

	
68.81

	
287.70




	
Urban

(N = 15)

	
Min.

	
6100

	
66

	
4700

	
900

	
2.00

	
9.00

	
11.00

	
BDL

	
4.00

	
10.00

	
16.00

	
32.00




	
Max.

	
80,400

	
1264

	
66,000

	
10,200

	
30.00

	
121.00

	
72.00

	
0.18

	
77.00

	
113.00

	
188.00

	
161.00




	
Mean

	
36,673

	
594

	
31,027

	
4507

	
13.73

	
58.07

	
35.40

	
0.02

	
34.20

	
31.53

	
81.33

	
86.33




	
St.D.

	
27,002

	
440

	
23,192

	
3456

	
11.02

	
39.85

	
20.76

	
0.05

	
26.84

	
26.87

	
60.80

	
37.21




	
All Samples

(N = 51)

	
Min.

	
6100

	
54

	
3000

	
400

	
BDL

	
4.00

	
3.00

	
BDL

	
3.00

	
BDL

	
8.00

	
6.00




	
Max.

	
84,600

	
1572

	
76,000

	
12,300

	
35.00

	
138.00

	
101.00

	
0.19

	
97.00

	
113.00

	
208.00

	
899.00




	
Mean

	
43,849

	
678

	
36,116

	
5525

	
16.45

	
68.88

	
41.39

	
0.02

	
40.43

	
27.33

	
97.22

	
112.86




	
St.D.

	
27,145

	
468

	
24,214

	
3839

	
11.66

	
44.14

	
24.19

	
0.04

	
28.15

	
24.39

	
66.44

	
127.73




	
Skew

	
−0.08

	
0.19

	
0.02

	
0.19

	
0.08

	
−0.01

	
0.31

	
2.66

	
0.10

	
1.94

	
0.16

	
5.03




	
Kurt

	
−1.68

	
−1.51

	
−1.63

	
−1.48

	
−1.60

	
−1.57

	
−0.78

	
6.82

	
−1.50

	
4.22

	
−1.50

	
29.71




	
CV

	
0.62

	
0.69

	
0.67

	
0.69

	
0.71

	
0.64

	
0.58

	
2.24

	
0.70

	
0.89

	
0.68

	
1.13




	
Upper continental crust [57]

	
10

	
35

	
25

	
0.05

	
20

	
20

	
60

	
71




	
World average [58]

	
11.3

	
59.5

	
38.5

	
1.1

	
29

	
27

	
129

	
70




	
Threshold value [59]

	
20

	
100

	
100

	
0.5

	
50

	
60

	
100

	
200




	
Maximum Pollution Limit (MPL) [59]

	
100

	
200

	
150

	
2

	
100

	
200

	
150

	
250








UDL= Under Detection Limit.
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Table 2. Descriptive statistics of Pn, PLI, and PERI values in different land-use soil.
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Agricultural

	
Industrial

	
Urban

	
All Samples




	

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.






	
Pn

	
0.035

	
1.882

	
0.68

	
0.47

	
0.002

	
9.492

	
1.576

	
3.055

	
0.023

	
2.108

	
0.483

	
0.557

	
0.002

	
9.492

	
0.78

	
1.357




	
PLI

	
0.331

	
2.774

	
1.673

	
0.793

	
0.169

	
2.992

	
1.395

	
1.091

	
0.325

	
3.013

	
1.388

	
0.86

	
0.169

	
3.013

	
1.54

	
0.863




	
PERI

	
8.33

	
188.05

	
62.47

	
43.32

	
2.08

	
213.35

	
59.02

	
63.37

	
8.78

	
208.04

	
56.94

	
50.59

	
2.08

	
213.35

	
60.23

	
48.38
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Table 3. Descriptive statistics of k, χ, and χfd% values in different land-use soil.
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Agricultural

	
Industrial

	
Urban

	
All Samples




	

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.

	
Min.

	
Max.

	
Mean

	
St.D.






	
k (10−3)

	
0.15

	
3.56

	
1.51

	
1.06

	
0.21

	
3.42

	
1.72

	
1.10

	
0.15

	
3.56

	
1.31

	
1.20

	
0.25

	
2.73

	
1.25

	
0.86




	
χ (10−6)

	
0.17

	
6.18

	
2.60

	
1.87

	
0.24

	
6.12

	
2.76

	
2.02

	
0.17

	
6.18

	
2.03

	
2.01

	
0.32

	
1.62

	
2.66

	
1.54




	
χfd%

	
1.39

	
5.82

	
3.66

	
1.01

	
2.89

	
4.73

	
3.99

	
0.71

	
2.41

	
10.77

	
4.36

	
1.92

	
1.39

	
10.77

	
3.93

	
1.32
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Table 4. Pearson’s correlation coefficient for all variables (n = 51).
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	Fe
	Mn
	Ti
	Co
	Cr
	Cu
	Ni
	Pb
	V
	Zn
	Pn
	PLI
	PERI
	k
	χ





	Al
	0.904 **
	0.981 **
	0.963 **
	0.970 **
	0.952 **
	0.792 **
	0.973 **
	0.066
	0.966 **
	0.468 **
	0.371 **
	0.904 **
	0.638 **
	0.791 **
	0.650 **



	Fe
	1
	0.949 **
	0.924 **
	0.956 **
	0.917 **
	0.821 **
	0.960 **
	0.148
	0.918 **
	0.419 **
	0.377 **
	0.910 **
	0.667 **
	0.900 **
	0.760 **



	Mn
	
	1
	0.987 **
	0.997 **
	0.973 **
	0.813 **
	0.995 **
	0.097
	0.988 **
	0.452 **
	0.379 **
	0.925 **
	0.664 **
	0.874 **
	0.732 **



	Ti
	
	
	1
	0.988 **
	0.972 **
	0.776 **
	0.980 **
	0.094
	0.995 **
	0.414 **
	0.368 **
	0.900 **
	0.655 **
	0.873 **
	0.726 **



	Co
	
	
	
	1
	0.974 **
	0.815 **
	0.995 **
	0.116
	0.987 **
	0.442 **
	0.385 **
	0.923 **
	0.671 **
	0.890 **
	0.750 **



	Cr
	
	
	
	
	1
	0.845 **
	0.965 **
	0.205
	0.974 **
	0.492 **
	0.372 **
	0.939 **
	0.678 **
	0.856 **
	0.705 **



	Cu
	
	
	
	
	
	1
	0.828 **
	0.317 *
	0.780 **
	0.687 **
	0.354 *
	0.911 **
	0.613 **
	0.756 **
	0.557 **



	Ni
	
	
	
	
	
	
	1
	0.098
	0.979 **
	0.455 **
	0.381 **
	0.927 **
	0.665 **
	0.881 **
	0.740 **



	Pb
	
	
	
	
	
	
	
	1
	0.087
	0.245
	0.092
	00.341 *
	0.152
	0.121
	0.170



	V
	
	
	
	
	
	
	
	
	1
	0.409 **
	0.373 **
	0.904 **
	0.663 **
	0.872 **
	0.713 **



	Zn
	
	
	
	
	
	
	
	
	
	1
	0.284 *
	0.614 **
	0.336 *
	0.368 **
	0.302 *



	Pn
	
	
	
	
	
	
	
	
	
	
	1
	0.475 **
	0.621 **
	0.400 **
	0.147



	PLI
	
	
	
	
	
	
	
	
	
	
	
	1
	0.700 **
	0.831 **
	0.655 **



	PERI
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.616 **
	0.395 **



	k
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.790 **



	χ
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1







**. Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed).
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