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ABSTRACT 
There has been an increase in solid waste generation due to urbanization and improper dumping of wastes in developing countries like Nigeria causing severe adverse effect and impact on human health and the environment. This study was conducted to determine the level and associated risk of heavy metals (Cr, Mn, Pb, Cu, Fe, Cd, Zn) pollution of soils around solid waste dumpsites in Abuja Metropolis using standard methods. Soil samples were collected from ten municipal solid waste dumpsites within Abuja metropolis and a control sample was also collected and studied. From the results, the mean concentration of all the studied metals in the dumpsite soils were higher compared to local background values and international threshold except for Fe and Mn in sites DS3 and DS10 respectively. Further, the differences in the levels of heavy metals in soils of different dumpsites were not statistically significant ( <0.05). The values of the single pollution index (Pi) showed that the study area is most considerably polluted by Cd, Cu and Pb. Based on the Nemerow pollution index (PN), over 70.2% of soil sampling sites had moderate contamination levels. According to the results of the pollution load index (PLI), it was revealed that the PLI was greater than unity showing that there was minimum pollution in the studied dumpsite soils. However, the results of potential ecological risk evaluation indicated that the soil samples were at low risk with the studied heavy metals. This study suggested that the dumpsites contributed to soil metal loads and due to the toxicity of heavy metals, there is need for government to establish a monitoring program that addresses indiscriminate dumping of waste in the FCT. 
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1. INTRODUCTION
[bookmark: _Hlk190020157][bookmark: _Hlk190055229]Urban soils have become highly influenced by anthropogenic activities as a result of rapid urbanization and industrialization. The rural-urban drift due to population increase has led to increase in the quantity of wastes generated within the urban areas (Chen et al., 2007; Gujre et al., 2021). Solid wastes generation and their poor disposal mechanism in the urban areas of most developing countries like Nigeria have become a threat to the environment (Mata et al., 2020). It is estimated that municipal solid waste generation in South Asia, Latin America, and Sub-Saharan Africa will double or triple by 2050, making up to 35% of the world’s municipal solid waste. (World Bank Report, 2018). Nigeria is characterized by ineffective solid waste management because of poor infrastructure and planning, paucity of funds, technical expertise, community attitude and inappropriate policy execution capacity (Essien et al., 2019; Karkarna and Matazu, 2020; Ojiego et al., 2022). More so, the most common method used for disposal of solid wastes is open dumping without treatment or sorting to lessen soil and groundwater contamination (Ikpe et al., 2018; Yahaya et al., 2021. Wastes are dumped irresponsibly with no regards to its environmental implications despite the efforts of waste management authorities in Nigeria (Ogunmodede et al., 2016; Ogoko et al., 2021). Open dumping, incineration, open burning, poorly regulated landfills, composting as well as dumping of solid waste into drain channels, streams and rivers are still the methods used for municipal waste disposal in Nigeria. Consequently, such waste dumps become point source for soil pollution as they serve as host for leachate from dumpsites (Useh and Dauda, 2018). 
Rainfall facilitates the percolation of organic and inorganic leachates into the soil close to refuse dumps which ultimately contaminate the groundwater. The inorganic leachates are mainly mineral elements which include the heavy metals. Heavy metals are hazardous to health, non-biodegradable and most persistent contaminants of the ecosystem (Useh et al., 2015; Fonge et al., 2017; Mata et al., 2020; Seyyed et al., 2023). Municipal solid waste is characterized with different fractions including electronic wastes, food wastes, plastics, textile materials, industrial and biomedical wastes, glasses, tins, wood wastes, ceramics, batteries, papers, the inorganic fraction containing hazardous substances such as toxic metals and organic pollutants (Davidson, 2013; Nyika et al., 2019; Makuleke and Ngole-Jeme, 2020; Gujre et al., 2021). There is increased concern on soil contamination by heavy metals because soil plays an important role in ecological stability. The term ―heavy metal is generally used to describe a group of metals and metalloids with a density greater than 5.0 g/cm3 and is toxic or poisonous even at low concentrations (Nartey et al., 2012; Ali et al., 2016). The origin of heavy metals in the environment could be from both natural or anthropogenic sources (Chen et al., 2007; Soleimannejad et al., 2016; Jinal et al., 2017). These metals find their way to the soil through application of fertilizer and pesticides, mining and smelting of metallic element and metal scraps, electroplating, sludge dumping and municipal solid waste disposal (Akanchise et al., 2020; Cittadino et al., 2020; Proshad et al., 2017; Onue et al., 2021).
 Heavy metals have been reported to produce mutagenic, teratogenic, neurotoxic and carcinogenic effects even at very low concentrations (Getachew and Habtamu, 2015; Waheshi et al., 2017; Adamcová et al., 2017; Wu et al., 2020). The agency for toxic substances and disease registry (ATSDR, 2015), reported that cadmium and lead are carcinogenic, and that prolonged exposure to low concentrations of cadmium could lead to kidney disease, lung damage, fragile bones, and of Lead, nervous disorder (Navas-Acien, 2007; Sadeghi et al., 2020). When heavy metals are incorporated into products which will subsequently be disposed of in landfills, there is a high possibility that with time, they will be released into the surrounding ecosystems mainly through soil and water. Shittu et al. (2017) examined the heavy metal contamination in dumpsites environment using pollution indices and their results showed that the soils are highly polluted with heavy metals. Ediene and Umoetok (2017) determined the concentration of heavy metals in soils at the municipal dumpsite in Calabar metropolis using pollution index and their results indicated that the concentration of heavy metals in the dumpsites were greater than that of the control soil. The analysis of soils in relation to their toxic metals content is helpful for the assessment of environmental pollution and provide crucial information on the potential risks to the residents living around.  Hence, this study aimed to determine the level and associated risk of heavy metals (Cr, Mn, Pb, Cu, Fe, Cd, Zn) pollution of soils around solid waste dumpsites in Abuja Metropolis using ecological risk assessment methods.

2. MATERIALS AND METHODS
2.1 Study Area 
Abuja Municipal Area Council (AMAC) in Federal Capital Territory (FCT) Nigeria is geographically located at 8°92′N and 9°02′N of the Equator and 7°34′E and 7°54′E of the meridian (Figure 1.0). The FCT has total population of about 1,406,239 and land area of 7753.85 km2 (NPC 2012). AMAC experiences two climate seasons, wet and dry season with an average annual temperature of 21–30 °C and a brief harmattan, occasioned by the movement of the northeast trade wind, with the main features of intensified coldness, dust and haze and dryness. Rainfall is between March and October and the rainy season associates with high humidity and moderate temperature. It has a mean rainfall and humidity of about 119.2 mm and 58.4%, respectively, with the highest in August and lowest between November and March, respectively.
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Figure 1.0 Map of FCT showing the Study Area
The dry season sets in between November and April with very low humidity and high temperature due to free cloud cover. The soil in Abuja Metropolis supports agricultural activities (Ojiego et al., 2022; Mohammed et al., 2022). Five uncontrolled dumpsites were selected for this study and these dumpsites are located within the municipal area, namely: Area 2 Dumpsite, Durumi Central Dumpsite, Garki New Market Dumpsite, Trade Moore Estate Dumpsite, Utako Dumpsite.

2.2 Sampling Procedure
The random method of sampling was used for the gathering of data around the dumpsites. The sampling sites were chosen based on the different anthropogenic activities within the zone. A total of fifty surface soil samples were collected from ten solid waste dumpsites (Area 2 Dumpsite, Durumi Central Dumpsite, Garki New Market Dumpsite, Trade Moore Estate Dumpsite, Utako Dumpsite, Jabi Dumpsite, Guzape Dumpsite, Gaduwa junction Dumpsite, Apo resettlement Market Dumpsite, Chika 2 Dumpsite and were coded DS1, DS2, DS3, DS4, DS5, DS6, DS7, DS8, DS9 and DS10 respectively) of Abuja metropolis at a depth of 0-20cm using soil auger. The soil auger was cleaned after soil sampling at each sample location. Soil samples from each part per dumpsite were pooled to form composite samples from where representative samples were taken for analysis. A control sample was also collected from a reserved area (Katampe) within the metropolis were no dumping activities have been carried out. The samples were stored using polythene bags, appropriately labeled and taken to the laboratory for pre-treatment and analysis. Sample collections were done in the month of March, 2024 during the dry season to avoid leaching of metals into sub-soil. The soil samples were air-dried for two weeks, rolled manually, mixed and sieved with 2 mm mesh to remove stones and debris. These were properly stored in well-labeled air-tight containers until analysis. A table depicting the identity, geographical location, and some characteristics of soils are presented in (Table 1). 
2.3 Physicochemical Analysis 
Some physicochemical properties such as pH, electrical conductivity, soil texture, organic matter, cation exchange capacity (CEC) were determined. The pH and electrical conductivity were measured in a soil suspension (1:10 w/v dilution) by digital pH meter (Jenway model 3015) and conductivity meter (Systronics-304), respectively. Organic matter (OM) was determined by the potassium dichromate titration method (Useh et al., 2017). Cation exchange capacity (CEC) of soil was determined as per the procedure outlined by Useh et al., (2015). The texture of the soil was determined by using the hydrometer method (Saxena et al., 2013). All chemicals and reagents were of analytical grade and they were supplied by BDH Labs (UK). BDH Chemicals Limited Poole England.
2.4 Heavy Metals Analysis 
[bookmark: _Hlk190086809]A test portion of 1.00 g of each soil sample was digested using the conventional aqua regia (3:1, v/v, HCl to HNO3) digestion procedure as described by Useh et al., (2018) and Kuok & Zhu (2022). All digestions were carried out in triplicates for each sample and the amounts of trace metals recorded as the mean value. The extracts were analyzed for heavy metals (Cr, Mn, Pb, Cu, Fe, Cd, Zn) using atomic absorption spectrophotometer (AAS) iCE 3000 Series 3000 [Useh et al., 2018].


2.5 Contamination and Ecological Risk Assessment Methods 
In this study, the assessment of soil pollution was conducted using the two single indices, namely, the single pollution index (Pi) or contamination factor () and ecological risk factor (), as well as three integrated indices including the Nemerow pollution index (PN), pollution load index () and potential ecological risk index () to comprehensively evaluate the pollution levels of heavy metal elements in topsoil. 
(i) The Single Pollution Index (Pi)
The single pollution index (Pi) is used to determine which heavy metal poses the greatest threat to the soil environment. The pollution level by a given heavy metal (i), is evaluated with the single pollution index (Pi), and calculated as the ratio between the metal concentration (Ci) in a soil sample and its reference value (Si). It exhibits the pollution degree of each heavy metal, which is expressed as shown in Equation 1.
					(1)
where Ci and Si are the concentrations of the ith heavy metal in the soil sample and the concentration of same heavy metal in background sample, respectively (which in this case was the sample from the control site). It is interpreted as presented in Table 3.
(ii) The Nemerow Pollution Index (PN) 
The PN is a multi-factor environmental quality index that takes into account the extreme values, especially considering the most polluting factors. PN describes the integrated pollution level in the study area and is calculated as follows:
  			(2)
where PNemerow is PN, Pimean is the calculated average value for the Single Pollution Index, Pimax is the maximum value of the Single Pollution Indexes of all heavy metals, and n is the number of heavy metals. According to PN, the degree of contamination of heavy metals is classified as presented in Table 3.

(iii) The Pollution Load Index (PLI)
The pollution index (PLI) is the load capacity of a pollutant for a region and it is usually used to evaluate the pollution degree of all heavy metals in soil, which is calculated according to the following equation
			(3)	
Where n is the number of metals evaluated. It is interesting to note that pollution load index (PLI) value greater than 1 (PLI > 1) indicates that the soil is polluted while PLI value less than 1 (PLI < 1) indicates no pollution. Four categories are recognized for PLI as indicated in Table 3.
 (iv) Ecological Risk Factor () 
[bookmark: _Hlk190090535][bookmark: _Hlk190090536]The potential ecological risk index method (RI) was proposed in 1980 by Hakanson Lars, a Swedish scientist (Håkanson, 1980). This method is used to assess the potential risk for the ecological environment by heavy metals in soil/sediment. It reflects also the ecological sensitivity and toxicity of the concentration of contaminants (Hakanson, 1980; Suresh et al., 2012). It was originally used as an evaluation tool for sediment pollution in the aquatic environment. It had been successfully used for risk assessment of soils, dust and air (Suresh et al., 2012; Riyad et al., 2015; Bienvenu et al., 2022). For a single metal, the ecological risk factor is determined by the following equation: 
						(4) 
Where	 is the single factor potential ecological risk index and is the toxic response factor for a given substance .   = 30 for Cd, 5 for Cu, 5 for Pb, 2 for Cr, 1 for Zn, Mn and Fe (Hånkanson, 1980; Bienvenu et al., 2022). Five categories are recognized for  as indicated in Table 3.
(v) The Potential Ecological Risk Index () 
The potential ecological risk index was comparable to the level of contamination defined as the sum of the single potential ecological risks factor for several heavy metals in the soil. This method reflects the toxic level, concentration of the heavy metals, synergy and ecological sensitivity of heavy metals widely (Singh et al., 2002). It signifies the sensitivity of numerous biological communities and likely the hazards caused by these heavy metals. The  of all the heavy metals determined was calculated using the following equation: 
					(5) 
Where  is the integrated potential ecological risk index,  is the single index of ecological risk factor, and n is the count of the type of heavy metal. Five categories are recognized for  as indicated in Table 3.

2.6 Statistical Analysis 
To evaluate the significant difference on the effects of dumpsite on soil physicochemical (e.g. pH, EC, OM, and CEC) properties and heavy metal concentrations (Cr, Mn, Pb, Cu, Fe, Cd and Zn) at the various sampling locations, data recorded were subjected to one-way analysis of variance (ANOVA) using statistical software SPSS Windows version 22.0 with a level of significance of p < 0.05.

3. RESULTS AND DISCUSSION 
3.1. Physicochemical Characteristics of Soil
The results of the physicochemical properties of soils in this study were determined as presented in Table 1. The mean pH of soil in this study ranged from 5.81 in site DS8 to 7.64 in site DS2 for the ten dumpsites with the control site recorded 7.14. This indicates that the soils at the dumpsites are slightly acidic to neutral in nature with sites DS2, DS7 and DS9 tending towards alkaline nature with pH values of 7.64, 7.30 and 7.32 respectively. Most metals in the pH range of 6.0-9.0 are not always in the free form (Weihua et al., 2010; Njagi et al., 2016) and most pHs of the soil samples from the dumpsites studied fell within this range. This would eventually influence lower release of heavy metals into sub-soil and ground water (Varol, 2011; Murana et al., 2019). The pH of a soil is known to be a very unstable property that is easily influence by other properties. When conditions become favourable, there could be higher release of heavy metals down the horizons (Ogunkunle and Fatoba, 2013; Zhang et al., 2017). From Table 1, the mean electrical conductivity (EC) values of the various sampling points were significantly different (p < 0.05) ranging from 259.22 µs/cm to 439.15 µs/cm, with the control location recording 263.10 µs/cm EC. The high EC values indicate the presence of soluble salts which could be associated with the disposal of metallic scraps at the dumpsite. A study on dumpsites by Mekonnen et al., (2020) reported similar EC values with its associated increase in soluble salts in the soils.
With respect to soil texture, the percentage of sand ranged from 60.8% in site DS1 to 75.3% in site DS6; silt 7.6% in site DS10 to 25.5% in site DS1; clay 12.9% in site DS3 to 25.4% in site DS8. The percentage composition of these three components revealed that the soils in the study area could be texturally classified as sandy loam to loamy sand. This indicated a higher sand content than silt and clay. The relatively high sand but predominantly silt and clay contents of the soils in the study location was also reported by Kusin et al., (2018). Other authors (Waseem, 2014; Onyedikachi et al., 2018; Karimi and Borquaye, 2020) also reported similar high sand contents as obtained in this study from the dumpsites relative to the control sites. Generally, soils with high sand and lower clay contents are highly permeable to water and leachates, and thus have high pollutant leaching potentials (Ogundele et al., 2020; Yahaya et al., 2021).



[bookmark: _Hlk190090223]Table 1. Sampling sites and some physicochemical parameters of studied samples.
	CODE
	SAMPLING SITE
	Longitude 

	Latitude
	pH
	Conductivity (µs/cm)
	Sand (%)
	Silt (%)
	Clay (%)
	CEC (mmolc/kg)
	OM (%)

	DS1
	Area 2 Dumpsite
	7.477784
	9.035921
	6.48
	275.02
	60.8
	25.5
	13.7
	0.93
	0.83

	DS2
	Durumi Central Dumpsite
	7.462317
	8.994915
	7.32
	347.05
	64.5
	20.9
	14.6
	1.42
	1.62

	DS3
	Garki New Market Dumpsite
	7.491566
	9.026657
	6.61
	284.14
	67.3
	19.8
	12.9
	0.86
	0.74

	DS4
	Trade Moore Estate Dumpsite
	7.368128
	8.957015
	6.29
	259.22
	65.2
	20.1
	14.7
	0.95
	1.52

	DS5
	Utako Dumpsite
	7.435675
	9.064516
	5.95
	328.01
	63.4
	22.5
	14.1
	1.79
	0.71

	DS6
	Jabi Dumpsite
	7.418701
	9.061701
	6.48
	439.15
	75.3
	9.5
	15.2
	0.64
	1.68

	DS7
	Guzape Dumpsite
	7.5118
	9.017635
	7.30
	416.03
	66.1
	14.6
	19.3
	0.75
	1.57

	DS8
	Gaduwa junction
	7.464111
	9.003276
	5.81
	273.01
	61.3
	13.3
	25.4
	1.36
	0.75

	DS9
	Apo resettlement Market
	7.503818
	8.977583
	7.64
	362.16
	71.2
	12.7
	16.1
	0.99
	1.38

	DS10
	Chika 2 Dumpsite
	7.409847
	8.992845
	6.33
	295.27
	73.0
	7.6
	19.4
	1.62
	0.66

	Control
	Katampe
	7.45296
	9.002121
	7.14
	263.10
	69.2
	20.3
	10.5
	0.75
	0.65



The cation exchange capacities (CEC) of the soils from all the dumpsites ranged from 0.64 mmolc /kg in site DS6 to 1.79 mmolc /kg in site DS5. According to Sadeghi et al., (2020) and Samadder et al., (2017), soil CEC increases with OM and clay content in soils. Though the soils had some amount of clay, the CEC values fall within the range of values reported for 2:1 clay minerals (Essien et al., 2019; Karkarna et al., 2021). The clay fraction of the soils is most likely dominated by these minerals which are characterized by low CEC. The low cation exchange capacity exhibited by soils in this study could be due to the high proportion of sand. CEC is known to proportionally decrease with increase in sand content in most soil samples for there is always lesser exchange sites that affect heavy metals retention in sand compared to clay and organic matter (Onue et al., 2021; Bienvenu et al., 2022; Fonge et al., 2017). Organic matter (OM) content in the soils was also relatively low. Soil organic matter has pH-dependent charges which tend to be high when the soil is alkaline and low when soil pH is low due to protonation and deprotonation of functional groups contained in organic matter (Waheshi et al., 2017; Bienvenu et al., 2022). Deprotonation caused by the acidic nature of the soils would have reduced the pH- negative charge density of the soil, reducing the fraction of CEC contributed by soil OM. The low CEC observed in the soils despite the moderate clay content could therefore have been caused by the mineralogical composition of the soils and their pH. The role of low soil CEC on high soil heavy metal mobility and their uptake by plants has been highlighted in several studies (Harmanescu et al., 2011; Getachew and Habtamu, 2015; Shittu et al., 2018; Onyedikachi et al., 2018) Heavy metal migration and leaching of nutrients around the dumpsites are mostly like to be high due to the low CEC.
[bookmark: _Hlk190146140][bookmark: _Hlk190145299]The values of OM in soil samples from the dumpsites studied ranged from 0.66% in site DS10 to 1.68% in site DS6 with the control site recorded 0.65%. The tendency for exchangeable cations to bind to the organic phase will be low due to low organic content value. Also, the low organic matter exhibited in these dumpsites could also be as a result of the high net percentage of nonbiodegradable solid wastes present in all the dumpsites studied (Kamunda et al., 2016; Useh and Dauda, 2018; Mekonnen et al., 2020).  Organic matter in soil is associated with soil textures (sand, silt, clay) and soil decomposition, and it is also a good indicator of soil health. (Obiajunwa et al., 2002; Akanchise et al., 2020). Therefore, low organic matter in soil samples studied may be associated with the low silt and clay content in dumpsites.
3.2. Heavy Metals Concentrations in the Soils
The mean concentrations of heavy metal (in mg/kg) in soil samples collected from the study area are presented in Table 2. Results showed that the concentrations of heavy metals (Cr, Mn, Pb, Cu, Fe, Cd, Zn) in the soil at the dumpsites were significantly (p < 0.05) higher than the control site except for Mn, Pb and Fe in sites DS10, DS2 and DS3 respectively. This is in agreement with the results obtained from similar studies by Useh et al., (2015) and Mekonnen et al., (2020) on a dumpsite and it could be attributed to the availability of metal-containing wastes at dumpsites which have eventually leached into the underlying soils. Compared to the EU and WHO values, most of the heavy metal values in the soil were higher than the permissible limits recommended by WHO but lower than the EU limits. This could be attributed to leachate migration from the decomposing waste from the dumpsites (Riyad et al., 2015; Seyyed et al., 2023).
[bookmark: _Hlk190146000]The mean concentration of chromium in studied soil ranged from 7.97±0.52 in site DS3 to 25.14±0.71 in site DS9 higher than the mean value of 6.85±0.13 mg/Kg at the control site. High levels of Cr at the dumpsites compared to the control site have also been reported in other dumpsites studies (Fonge et al., 2017; Ojiego et al., 2022) and have been attributed to leachate migration from the dumpsites. This implies that the high concentrations at the dumpsite are the result of the dumping of Cr-containing waste. Sources of chromium might be due to wastes from household chemicals and cleaners, diesel engines utilizing anti corrosive agents, rubber, candles, and matches, etc. Anthropogenic input of Cr comes from solid wastes, where approximately 30% of Cr originates from plastics, packaging materials, and lead chromium batteries (Useh and Dauda, 2018; Essien et al., 2019). The values of Cr obtained in this study were lower than the 900 – 2000 mg/kg reported by Getachew and Habtamu, (2015) in a dumpsite in Shasshmane. 
Manganese is found naturally in most soil as it is one of the most essential minerals for life (Adamcová, 2017). Manganese is naturally present in soil at concentrations of 20 to 3000 ppm, or 20–3000 mg per kg of soil. Normally it is existing as Mn2+ in soil with the tendency to form complexes with organic compounds (Seifi, 2019; Gujre et al., 2021). Its availability in soil is affected by pH, and lower pH results in higher solubility, hence availability to plants (Chen et al., 2007; Ali et al., 2016). The manganese concentrations were observed for all the samples with the ranges between 70.94±5.24 in site DS10 and 153.08±2.81 in site DS2 while the control site recorded 71.53±1.32 mg/kg. The result from this study is similar to the result from Proshad et al., (2017) on the distribution and enrichment of heavy metals in soils from waste dumpsites in Chittagong, Bangladesh. Electrical and electronic waste, which was also disposed of at the dumpsite, might have been a source of manganese. All the concentration of manganese values was found to be lower than the World Health Organization standard for manganese in the soil. It serves as an activator for enzymes in growth processes and assists iron in chlorophyll formation (Useh et al., 2017). Manganese is one of the toxic essential trace elements, which means that it is not only necessary for humans to survive, but it is also toxic when consumed in high concentrations by humans. Excess exposure to this metal can cause damage to the respiratory tract and the brain (Ogunmodede et al., 2016; Samadder et al., 2017).

Table 2. Heavy metals concentrations of the samples (mg/kg).
	Sampling Sites
	Cr
	Mn
	Pb
	Cu
	Fe
	Cd
	Zn

	DS1
	11.46±3.53b
	97.35±4.27a
	63.20±3.53b
	38.47±0.26b
	5946.58±3.61a
	0.75±0.01a
	264.10±1.47b

	DS2
	15.35±0.13b
	153.08±2.81b
	25.85±1.93a
	22.36±1.39b
	9413.32±4.38c
	0.59±0.00a
	232.73±2.84b

	DS3
	7.97±0.52a
	136.92±0.56b
	39.26±0.51a
	17.86±0.74a
	3886.45±2.17b
	1.36±0.05b
	158.77±1.43a

	DS4
	20.41±1.72c
	82.17±8.62a
	55.81±1.36b
	52.16±2.36c
	6357.92±0.48b
	0.72±0.01a
	271.02±0.38b

	DS5
	13.82±0.38b
	137.26±4.21b
	84.10±1.72c
	40.27±5.10b
	8465.59±5.29c
	1.51±0.04b
	184.63±2.75a

	DS6
	23.01±1.59c
	74.38±0.68a
	47.24±0.32b
	15.48±3.27a
	7452.46±2.57b
	0.59±0.00a
	346.18±5.32c

	DS7
	16.85±1.04b
	93.76±2.57a
	81.20±0.68c
	19.73±3.10a
	6835.17±3.11b
	0.84±0.00a
	285.73±0.24b

	DS8
	9.88±0.02a
	152.02±1.39b
	45.23±1.26b
	47.55±2.19b
	8164.24±0.56c
	1.46±0.01b
	246.25±0.01b

	DS9
	25.14±0.71c
	148.56±1.87b
	38.50±3.71a
	28.35±0.84b
	5829.01±3.84a
	1.62±0.01b
	194.38±0.51a

	DS10
	20.57±1.63c
	70.94±5.24a
	65.14±5.12b
	23.59±1.35b
	7463.62±7.21b
	0.77±0.03a
	175.94±2.42a

	Control
	6.85±0.13a
	71.53±1.32a
	37.59±2.10a
	12.45±0.14a
	3975.86±3.46a
	0.28±0.00a
	114.57±0.35a

	WHO Limits
	0.10 
	200
	0.10 
	1.5
	50000
	0.01
	15

	EU Limits
	150
	-
	300
	140
	-
	3
	300


Results are expressed as Means ± standard deviation for triplicate determinations. Within columns, means with different alphabets are statistically different at p < 0.05

The concentration of lead (Pb) ranged from 25.85±1.93 in site DS2 to 84.10±1.72 in site DS5 with mean control value of 37.59±2.10 which was found to be high above the WHO recommended maximum limit of 0.10 but lower than the EU limits of 70 except in sites DS5 and DS7. This could be linked to regional geochemistry of rock type that underlain the study area, as well as contributions from anthropogenic sources. The high concentration could be attributed to burning of electronic waste materials such as refrigerators, used computers, cables, printers, photocopy machines, automobile tyres, batteries, air condition among others (Edokpayi et al., 2018; Boateng et al., 2019). Lead is a toxic heavy metal, which can be taken up by plant from the soil thereby interfering with the food chain. It is reported to exert its most significant effect on the nervous system (Navas-Acien et al., 2007). Lead ingestion has been associated with deleterious effects including disorder of central nervous system and lead is widely known to be toxic even at low concentration especially in young children.  Lead toxicity causes cancer and anemia by impairment of haemo-biosynthesis and acceleration of red blood cell destruction (Nieboer et al., 2007; Tchounwou et al., 2012; Oskarsson, 2015).
Concentrations of copper in the analyzed soil samples varied from 15.48±3.27 in site DS6 to 52.16±2.36 in site DS4 with the control site recording 12.45±0.14 which was higher than the WHO permissible limits of 1.5 mg/kg and EU limits of 20 mg/kg except in sites DS3, DS6 and DS7. The mean concentration recorded could be attributed to burning of electronic gadgets and other copper-based wastes such as automobile spare parts (Kamunda et al., 2016; Useh et al., 2018). Copper is essential to organism, cofactor in redox enzymes and necessary to maintain blood chemistry. However, copper can be toxic at high concentration (Onyedikachi et al., 2018). Anthropogenic sources are equally an underlining factor in the enrichment of copper, particularly leachate from electric wiring, roofing, various alloys, pigments, cooking utensils which were dumped as refuse at the respective sites under investigation (Wijesekara et al., 2014; Cittadino et al., 2020).
Sampling sites DS2, DS6 and DS9 had the least (0.59±0.00) and highest (1.62±0.01) cadmium concentrations respectively with the control site recording 0.28±0.00 which was higher than the WHO permissible limits of 0.01 mg/kg. Cadmium is very much connected with non-residual fractions of heavy metals and thus makes them mobile and potentially bio available for uptake by plants (Akanchise et al., 2020; Kuok and Zhu, 2022; Useh and Linus, 2022). The high concentrations of Cd especially at site DS9 might be as a result of burning of electronic waste containing cadmium-nickel batteries, pigments and paints. Cadmium is one of the most eco toxic metals, with highly undesirable effects on soil health, plant metabolism, humans and animal health (Varol, 2011; Mavakala et al., 2016). At very low concentrations, chronic exposure to cadmium can result to anemia, anosmia, cardiovascular diseases and renal problems (Weihua et al., 2010; Jinal et al., 2017). Cadmium is toxic and exposure at higher concentration could result to flu-like illness- chills, fever, and myalgias, chest pain, cough, dyspnea, Bronchospasm, hemoptysis, liver and kidney dysfunction (Ali et al., 2017; Karkarna and Matazu, 2020) The levels of Cadmium observed in sites DS5, DS8 and DS9 were similar to values reported for soils of municipal waste dump in South Western Ethiopia (Mekonnen et al., 2020). 

Table 3. Classification of soil contamination Indexes
	
	SOIL STATUS
	PN
	SOIL STATUS
	PLI
	SOIL STATUS
	
	SOIL STATUS
	
	SOIL STATUS

	
	low contamination
	PN ≤ 0.7
	Uncontaminated
	PLI ≤ 1
	Uncontaminated
	
	Low risk
	 <150
	Low risk

	
	moderate contamination
	0.7 < PN ≤ 1
	Danger range
	1 < PLI ≤ 2
	Low
	40 ≤  < 80
	Moderate risk
	150 ≤   <300
	Moderate risk

	
	considerable contamination
	1 < PN ≤ 2
	Low contamination
	2 < PLI ≤ 3
	Medium
	80 ≤  < 160
	High risk
	300 ≤  < 600
	High risk

	
	high contamination
	2 < PN ≤ 3
	Moderate contamination
	3 < PLI ≤  5
	Strong
	160 ≤  < 320
	Very high risk
	600 ≤  <1200
	Very high risk

	
	
	PN ≥ 3
	Severe contamination
	PLI > 5
	Very Strong
	 ≥ 320
	Extremely high risk
	 ≥ 1200
	Extremely high risk


It was observed that sampling site DS6 recorded the maximum concentration (346.18±5.32) of zinc whereas site DS3 had the least (158.77±1.43) zinc concentration among the sampling stations assessed. Zinc is a metal with several agricultural, industrial and biological applications. Industrially, zinc is used in the corrosion protections of steel (Useh and Linus, 2022). Zinc is an essential element for both plant and animal growth, but excessive concentration in the soil may results in phyto-toxicity. Phyto-toxicity affects the activity of weeds, earthworms and microorganisms in the soil (Wijesekara et al., 2014). Acute zinc intoxication could lead to nausea, vomiting, severe anemia and renal failure (Oskarsson , 2015; Akanchise et al., 2020).
The concentrations of Iron in the dumpsites studied ranged between 3886.45±2.17 in site DS3 and 9413.32±4.38 in site DS2, which was higher than the value obtained in the control site (3975.86±3.46mg/kg) except in site DS3 (3886.45±2.1 mg/kg) which had lowest Fe content. However, all the studied sites recorded Fe concentrations below a normal range in soil and the WHO recommended limit of 50000. Iron is essential to all organisms, cofactor in many enzymes and especially in proteins, it is essential trace metal in human metabolism necessary for oxygen-carrying ability of blood (Tchounwou et al., 2012; Seifi, 2019). The major sources of iron in these sites include metallic scraps being co-deposited with domestic wastes. The high concentration of Fe could be partly due to natural Fe content of soil and partly due to high content of Fe-based waste materials generated through domestic and industrial wastes. Most of the Fe is bound to organic matter and residuals (Suresh et al., 2012; Ojiego et al., 2022).

3.2. Soil Heavy Metal Contamination Evaluation
Based on the background values, three methods (Pi, PN, PLI,) were adopted to systematically evaluate the soil pollution around the dumpsites. The pollution levels of soil heavy metals in different sampling sites are shown in Table 4. The maximum values of Pi for each sampling site was in the order 3.59 (Pb), 2.37 (Fe), 4.86 (Cd), 4.19 (Pb), 5.39 (Cd), 3.36 (Cr), 4.62 (Pb), 5.21 (Cd), 5.79 (Cd), 3.70 (Pb) for sites DS1 to DS10 respectively. For site DS1, the Pi values of Cd, Cr, Zn, Mn, and Fe were in the range of , which was classified as moderate contamination. Pb and Cu with Pi , was classified as considerable contamination in the study area. For DS2 and DS3, all metals were in the range of , which was classified as moderate contamination except Fe and Cd in DS3 which were in the class of low and considerable contamination respectively. In site DS4 and DS5, all metals were in the range of , which was classified as moderate contamination except Pb and Cu, as well as Cd in DS5 which were in the class of considerable contamination. Further, all the heavy metals from sites DS6 to DS10 fell within the range of, except Cr and Zn in DS6, Pb and Cd in DS7, Cu and Cd in DS8, Cr and Cd in DS9 and Cr and Pb in DS10 which were in the range of  being classified as considerable contamination.

Table 4. Pollution indicators of heavy metals contamination of the dumpsite impacted soil.
	
	PN
	

	Sampling Sites
	Cr
	Mn
	Pb
	Cu
	Fe
	Cd
	Zn
	
	

	DS1
	1.67
	1.36
	3.59
	3.09
	1.50
	2.68
	2.31
	3.05
	2.17

	DS2
	2.24
	2.14
	1.47
	1.80
	2.37
	2.11
	2.03
	2.20
	2.01

	DS3
	1.16
	1.91
	2.23
	1.43
	0.98
	4.86
	1.39
	3.60
	1.77

	DS4
	2.98
	1.15
	3.17
	4.19
	1.60
	2.57
	2.37
	3.61
	2.34

	DS5
	2.02
	1.92
	4.78
	3.23
	2.13
	5.39
	1.61
	4.61
	2.69

	DS6
	3.36
	1.04
	2.69
	1.24
	1.87
	2.11
	3.02
	2.89
	2.00

	DS7
	2.46
	1.31
	4.62
	1.58
	1.72
	3.00
	2.49
	3.70
	2.20

	DS8
	1.44
	2.13
	2.57
	3.82
	2.05
	5.21
	2.15
	4.20
	2.52

	DS9
	3.67
	2.08
	2.19
	2.28
	1.47
	5.79
	1.70
	4.34
	2.51

	DS10
	3.00
	0.99
	3.70
	1.89
	1.88
	2.75
	1,54
	3.09
	2.00



Only Mn, with , in site DS10 was classified as low contamination in the study area. From the study, about 70.2% of sampling sites were classified as moderate contamination, and 26.8% of sampling sites were classified as considerable contamination while only 3% had low contamination. The result of Single Pollution Index is in agreement with the work of Ojiego et al., (2022) who reported very high concentrations of heavy metals in soil samples from dumpsites located at Kuje and Kwali area councils, Abuja, Nigeria and Shittu et al., (2018) who reported higher contamination of heavy metals and pollution load index at Ilokun dumpsite, Ado Eki, Nigeria. According to the field investigation, research shows that various reasons, such as vehicle emissions and electronic waste materials among others, can cause the lead content in the soil on all sides to exceed the standard.
According to the Nemerow comprehensive pollution index principle, 2 < PN ≤ 3 can be judged as moderate contamination, while the survey results in this study showed that most of the average values are within the range of PN ≥ 3 indicating severe contamination. In terms of the total amount of heavy metals, the pollution of soils around the dumpsites in this area is serious, and the main contributors to exceeding heavy metals are Pb, Cu and Cd as well as Cr and Zn. Heavy metals are potential long term pollutants in soil, which cannot be decomposed by soil microorganisms but can be enriched, which often makes heavy metals accumulate gradually in the soil environment and is difficult to remove. The leachate from the waste dump will also cause heavy metal pollution to the surrounding soils through surface runoff and underground runoff (Davidson, 2013; Fonge et al., 2017). The impact of heavy metals on soil contamination can be identified by comparing their concentration with the geochemical background. The results of such investigations in the soil around the dumpsite showed an increase in the concentration of heavy metals in the soil, these conditions caused moderate to high contamination level in the soil, which was mostly caused by metals such as lead, copper and cadmium.
Pollution load index values for all sites around the dumpsites were above unity. According to Weihua et al., (2010) and Ogundele et al., (2020), PLI values > 1 implies that there is pollution, whereas PLI values < 1 indicates no pollution. Table 4 showed the summary of pollution load index (PLI) values of the studied heavy metals (Zn, Pb, Cd, Cr, Mn, Cu and Fe) in the ten studied sites which fell within the range of 2 < PLI ≤ 3 indicating that there is medium pollution load in the study sites (PLI greater than 1) except site DS3 that had PLI within 1 < PLI ≤ 2 signifying low pollution. The results of pollution load index obtained in the present study were in consonant with the work of Ikpe et al., (2018) who reported PLI ranged between (1.83-8.26) in soils of three auto mechanic villages in Abuja and also agreed with the value reported by Yahaya et al., (2021) in contaminated soils of three mining villages in Zamfara State, Nigeria but higher than the work of Karkarna and Matazu, (2021) around Kano municipal solid waste dumpsites who reported PLI less than unity.

Table 5 Ecological risk factor ) and potential ecological risk index (RI) in the study area
	
	

	Sampling Sites
	Cr
	Mn
	Pb
	Cu
	Fe
	Cd
	Zn
	

	DS1
	3.34
	1.36
	17.95
	15.45
	1.50
	80.4
	2.31
	122.31

	DS2
	4.48
	2.14
	7.35
	9.00
	2.37
	63.30
	2.03
	90.67

	DS3
	2.32
	1.91
	11.15
	7.15
	0.98
	145.80
	1.39
	170.70

	DS4
	5.96
	1.15
	15.85
	20.95
	1.60
	77.10
	2.37
	124.98

	DS5
	4.04
	1.92
	23.90
	16.15
	2.13
	161.70
	1.61
	211.45

	DS6
	6.72
	1.04
	13.45
	6.20
	1.87
	63.30
	3.02
	95.6

	DS7
	4.92
	1.31
	23.10
	7.90
	1.72
	90.00
	2.49
	131.44

	DS8
	2.88
	2.13
	12.85
	19.10
	2.05
	156.3
	2.15
	197.46

	DS9
	7.34
	2.08
	10.95
	11.4
	1.47
	173.70
	1.70
	208.64

	DS10
	6.00
	0.99
	18.50
	9.45
	1.88
	82.50
	1.54
	120.86



Table 5 presented the results of ecological risk factor  and potential ecological risk index (RI). The mean value of the ecological risk factor () ranged from 0.98 of Fe in site DS3 to 173.70 of Cd in site DS9. Based on the  value in soils as computed from Eq. (4) ), Cd (173.70) in site DS9 was the most severe which fell within the range of 160 ≤  < 320 and it implied a very high-risk condition, followed by (161.70) in site DS5, whereas Fe showed the lowest value (0.98) in site DS3. Also, Pb and Cu presented their highest values of 23.90 (DS5) and 20.95 (DS4), respectively. It was found that ecological risk factors for all the studied metals Zn, Pb, Mn, Cr, Fe, and Cu except Cd in all the studied sites were in the range of , thus indicating low ecological risk. The content of Cd in dumpsite soil in this area is high. Therefore, the potential ecological risk caused by Cd is very serious, although heavy metal pollution exceeds the standard to varying degrees, the potential ecological risk is relatively low.
Cadmium is a non-essential element of the human body which can accumulates in the liver and kidney, resulting in cadmium poisoning. It is easily absorbed by crops than other heavy metals and is easy to be discharged as well into the environment through waste gas, wastewater, and residue, resulting in pollution (Essien et al., 2019; Seyyed et al., 2023). Pollution sources are mainly mining and transportation of mineral resources, smelting and electroplating of non-ferrous metals, and factories using cadmium compounds as raw materials or catalysts (Makuleke and Ngole-Jeme, 2020). Another main reason may be closely related to the application of phosphorus fertilizer and pesticide, which have a long history and large amount of cadmium. Therefore, cadmium from phosphorus fertilizer and some pesticides in crops may exceed cadmium from other pollution sources (Jiang  et al., 2014; Soleimannejad et al., 2019).
[bookmark: _Hlk190171657]The potential ecological risk index (RI) showed that soils such as DS3 (170.70), DS5 (211.45), DS8 (197.46) and DS9 (208.64) are much more hazardous than soils in sites DS1, DS2, DS4, DS6, DS7 and DS10. The results of potential ecological risk index (RI) of the later six dumpsites were 122.31, 90.67, 124.98, 95.6, 131.44 and 120.86 respectively and these values showed low ecological risk of the investigated sites since they were within the range of <150. The former four dumpsites were within the class of 150 ≤   <300 indicating moderate ecological risk. However, the dumpsites need to be evacuated with immediate effect as heavy metal enrichment was evident in those areas.
CONCLUSION
This study was carried out to evaluate heavy metals pollution of soil around solid waste dumpsites in Abuja metropolis using single and integrated pollution indices. Municipal solid waste has been found to significantly increase the concentrations of the heavy metals studied in the environment. Generally, heavy metal (Cr, Mn, Pb, Cu, Fe, Cd, Zn) concentrations in the soils investigated were mostly at a critical level, exceeding the set limits by WHO though some were below the permissible limits set by EU. The distribution of metals in soil can vary significantly because of the diversity of the wastes which are not homogeneous in dumpsites. Besides, soil/sediment physicochemical properties can influence heavy metals distribution in contaminated sites. The results of single pollution index showed that about 70.2% of sampling sites were classified as moderate contamination, and 26.8% of sampling sites were classified as considerable contamination while only 3% had low contamination. The values of integrated pollution index in the studied dumpsites revealed that the metals were found in the range of low contamination except Cd. It is therefore recommended, the regulation and legislation on environmental issues, including effective solid waste management strategies and enforcement standards should be emphasized in order to stop the indiscriminate dumping and burning of the wastes at the site which leads to accumulation of heavy metals.
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