


Physicochemical Characteristics and Heavy Metal Distribution in Agricultural Soils of Nasarawa State, Nigeria


ABSTRACT
[bookmark: _GoBack]This research evaluated the physicochemical properties of the soils and distribution of the heavy metal in Nasarawa State, Nigeria, to develop baseline information on herbicides to determine herbicide fate in tropical agroecosystems. The pH, electrical conductivity (EC), organic carbon (OC), organic matter (OM), macronutrients, and heavy metals (Pb, Cd, Cr, Ni, Zn, Fe, Cu) of soil samples of Awe (South), Nasarawa Eggon (North), and Kokona (West) were determined. The soils were quite acidic (6.82-6.88 pH), non-saline (EC 1.11-1.17 dS/m), and had moderate OC (1.74-1.80) and OM (3.01-3.10). The predominant texture was sandy (~90%), which means that the nutrient and contaminant bioretenention is low. Macronutrients were quite different with Nasarawa South accumulating N and P more although at the international standards. Heavy metal levels were lower but with some local enrichment. Agrochemical or vehicular suggested inputs were Pb (8.8315.8 mg/kg) and Zn (14.6164 mg/kg). Cd was highly variable (0.01 to 0.32 mg/kg) and the high levels of Cd were found in Nasarawa North which was associated with phosphate fertilizers. Regional differences were obvious in terms of metal abundances: Nasarawa North (Zn > Pb >> Mg ≈ Cu ≈ Fe > Cr > Cd), Nasarawa South (Pb > Zn >> Fe > Mg > Cu > Ni), and Nasarawa West (Pb > Zn >> Fe). The area that had the greatest Pb-enrichment was Nasarawa West, with some strange Cd enrichment, which is indicative of high agricultural activity.The Principal Component Analysis was able to point to six components that explain 82.6 percent of the variance, at which point clusters of OM-nutrient complex, heavy metals and texture are observed. Correlations of Fe, OC, and cation exchange capacity were established as positive to prove that they are important sorption stages to herbicides such as glyphosate. Heterogeneity of the environment with regard to space and characteristics of soils and contaminants highlights the importance of site-specific environmental management. 
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Introduction
Agricultural soils are known to be a sink and source of a diverse range of contaminants and the ability of the soils to retain or release pollutants is basically dictated by the physicochemical properties of the soils. The complex interplay between soil properties and contaminant fate has become a decisive field of environmental studies, as the process of agricultural intensification is still growing at an accelerated pace across the world (Nie et al., 2024). The speciation, mobility, and bioavailability of the contaminants being introduced with the help of agricultural activities is determined by the properties of soil, such as pH, organic matter content, texture, cation exchange capacity, and mineralogical composition (Bian et al., 2024). The properties do not act independent but are arranged in a matrix, which balances partitioning of contaminants between solid and solution phases, and finally dictates their likelihood to be transported, engaged in plants and be uptaken by food chains (Isong et al., 2025). The knowledge of such basic controls is necessary in forecasting threats to the environment and in coming up with sustainable soil management practices in agro landscapes.
This has seen heavy metals being identified as important co-contaminants of normal agrochemical application in the modern agricultural systems. Although the main aim of herbicides is to destroy unintended vegetation, commercial preparations often include metallic elements as either active agents, impurities, and formulation adjuvants (Isong et al., 2025). Pesticide-heavy metal co-contaminated has received significant research interest, and results of the studies have shown high levels of cadmium, lead, copper and zinc in the agricultural soils contaminated by the use of pesticides (Bian et al., 2024). The environmental importance of this co-contamination is not limited to the toxicities of each of these elements respectively but rather the interactions between herbicides and heavy elements in complex relationships can have a significant impact on their respective environmental fates. The examples of antibiotics and heavy metals have been reported to form stable complexes, the ecological behaviour of which is regulated by soil organic matter, pH, and ion competition (Nie et al., 2024). Likewise, when pesticides and heavy metals interact, they form complex interactions where their adsorption, surface complexation, and physical absorption mechanisms by electrostatic adsorption, surface complexation, and physical absorption processes may increase the ecological hazard (Bian et al., 2024). This unceasing introduction of pesticides has been linked to a rise in the concentration of heavy metals in soils and the ensuing adverse effects on soil enzymes and microbial activities, which leads to a soil health impairment and soil sustainability in agriculture (Isong et al., 2025).
Among many soil components affecting the retention of contaminants, iron and aluminum oxides are grouped as having a special role especially in the tropical and subtropical regions. These secondary minerals also have high specific surface areas and large numbers of reactive surface sites, which provide majority control over sorption behavior of heavy metals, as well as ionizable organic contaminants (Liang et al., 2025). Such iron oxides as ferrihydrite that are widely distributed in highly weathered tropical soils are weakly crystalline and have the highest adsorption capacities because of large specific surface areas, high site densities, and strong surface reactivity (Liang et al., 2025). The importance of these minerals to the herbicides retention has been beautifully illustrated in works of glyphosate adsorption in which Iron oxide surfaces have been indicated to bind the popular herbicide glyphosate strongly by forming inner-sphere surface complexes, which greatly decrease its mobility and bioavailability under normal environmental pH conditions (Liang et al., 2025). Aluminum replacement of iron oxide structures, which is typical of very weathered soils, further alters the surface charge properties and the distribution of reactive surface sites, which may promote or reduce adsorption capacity based on the condition of aggregation of the minerals (Liang et al., 2025). These mineralogical controls presuppose certain topicality in agricultural systems in the tropics where soils are highly weathered and the mineralogy of the soils is generally dominated by iron and aluminum oxide.
Although these processes are of global importance, there is still a lot of knowledge gap about their functioning in the Nigerian tropical soils. Nigeria, similar to most developing countries, is undergoing unceasing economic and industrial changes that have significant effects on the quality of the environment (Attah et al., 2024). The intensification of agriculture, the growing mining practices, and the uncontrolled dumping of wastes and the emergence of industries have made there high possibilities of heavy metal contamination in various environmental matrices (Joseph and Christopher, 2024). According to a recent survey of the research on heavy metals in Nigeria, it is shown that although research has been conducted on the contamination of various media, such as soils, waters, foods and biological tissues, critical toxic metals have only been investigated less, and there are significant geographical gaps in the areas of research (Attah et al., 2024). Interestingly, relatively little research has been conducted in the northern parts of the country, such as Nasarawa State, leaving a significant data gap in the study of the patterns and risks of contamination in particular regions (Attah et al., 2024; Joseph and Christopher, 2024). Additionally, the peculiarities of tropical soils, such as their high state of weathering, prevalence of low-activity clays, high content of iron and aluminum oxides, and low organic matter contents in general, require locally-specific data to support the accurate risk evaluation, since the predictive relationships formed on temperate soils do not necessarily correlate directly to these highly different settings.
This body of knowledge has been filled by the current study which is an extensive study of the physicochemical properties of agricultural soils and the distribution of heavy metals in agricultural soils of Nasarawa State, Northern-central Nigeria. This area places significant focus on agricultural production and growing strain of anthropogenic activities and is an under-researched but crucial landscape in which to examine the contaminant processes in tropical African soils (Attah et al., 2024). The proposed research aims to offer a solid basis of knowledge to evidence-based environmental risk assessment and sustainable farm management by defining basic soils characteristics, determining the levels of heavy metals, and determining the consequences of herbicide retention. The results will not only enrich the environmental management in the region but also serve the overall comprehension of the contaminant dynamics in tropical agricultural systems, which will benefit the creation of the locally-relevant policies and remediation measures (Nie et al., 2024). By doing so, we will be able to explain the complicated interaction between soil characteristics, heavy metal pollution, and the ability of herbicides to retain, and thus inform on the response to protect soil quality, farm output, and human health in the region and other tropical farming systems in the tropics.
Materials and Methods
Description of Study Area
Nasarawa State is a Middle Belt State in Nigeria; the state lies within the latitudes 7°45′–9°25′ N and longitudes 7°00′–9°37′ E with an area of approximately 27,117 km², which is the 15 th largest State in Nigeria (ZODML, 2018). The population of the state was estimated as 1.87 million in the year 2006 according to National Population Census, making it one of the least populated states in Nigeria (National Population Commission, 2006;). The Nasarawa State borders with the state are Kaduna State in the north, the Federal Capital Territory (Abuja) in the west, Kogi and Benue States in the south, and Taraba and Plateau States in the east. It is composed of highlands of hills and rocks in places like Akwanga, Wamba, and Nasarawa Eggon that are up to 1,400 m in elevation, with Lafia, Doma, and Awe being located on lowland plains (Nasarawa State Government, 2023). Nasarawa is located in the tropical Guinea savanna with two climatic seasons: wet (April to October) and dry (November to March) seasons (ResearchGate, 2018; Soluap, 2023). The rainfall is between 1,400 and 1,500 mm per year with highest rainfall being experienced in August. The average daily maximal temperatures are between 35 and 39 oC with minimum temperatures of between 16 and 21 oC according to season (Season, 2023). The economic activity of the state is agriculture. The most popular crops are cassava, yam, rice, maize, millet, sorghum, and beans, artisanal mining involves solid minerals such as salt, barite, bauxite, gypsum, marble, and columbite  Soluap, (2023). The global position system coordinates of the study area are presented in Table 1.
Table 1: Global Position System Coordinates and Population of the Study Area
	S/N
	Senatorial Zone
	LGA
	Population
(2006 POP)
	Area (Sq.KM)
	Major Activities
	Coordinates

	A
	Nasarawa South
	Awe
	116080
	2800.00
	FARMING
	Long; 8.110147
Lat; 9.142848

	B
	Nasarawa North
	Nasarawa Eggon
	110613
	1199.34
	FARMING
	Long; 8.4404
Lat; 8.7495

	C
	Nasarawa West
	Kokona
	110591
	1847,03
	FARMING
	Long; 8.0611
Lat; 8.8556


Source: Bureau for Land and Survey, 2005 National Population Commission


[image: ]                                    Figure 1: study area map showing sampled points.
[bookmark: _Toc77899930]Methods
The analytical methods adopted for this research were those that reflect best and international procedures as described below:
 Sampling
The objective was to analyze    the minimum number of representative samples to achieve an average with precision of better than 10 % using the iterative approach described by Kratochvil and Taylor (1981) to determine the number of samples to be collected to meet the data Quality Objectives. Several samples of soil (0 – 30cm) were collected within Awe (Nasarawa South designated as NS1, NS2, NS3, NS4, NS5,  and NS6,; Nasarawa Eggon (Nasarawa North designated as NN1, NN2, NN3, NN4, NN5, and NN6, and Kokona (Nasarawa West designated as NW1, NW2, NW3, NW4, NW5, and NW6  prior to the application of the herbicides in the fields using chain referral sampling technique at designated points using the formulae:
		n 							(1)
where n = sample size, Z = desired confidence interval, P = estimated population proportion and E = margin of error.
[bookmark: _Toc67443806][bookmark: _Toc74649301][bookmark: _Toc77899934]The entire soil samples totaling 9.0 kg (about 3.0kg each) was transported in black polythene bags to the Chemistry Laboratory, TAAL Environmental/Analytical laboratory Lafia and air-dried (7 days) in a dust-free wood cupboard. The samples were carefully crushed/sieved through a 2 mm sieve and the fractions of the soil that were < 2mm was kept aside for sorption experiments.  
Soil Analysis
Physicochemical Parameters of the Soil Samples
The standard American Public Health Organization (APHO) and Agricultural Society of Testing and Materials (ASTM) protocols and methods were used to measure the physicochemical parameters of the soil samples in line with Alvarenga et al. (2022). 
 Soil texture 
The particle size distribution of soil expresses the proportions of the various size classes (clay < 0.002 mm, silt 0.002 – 0.02 mm, and sand 0.02 – 2.0 mm particle size), commonly represented by weight percentages of the total soil. The proportions of these fractions were determined by the hydrometer method (Filintas, 2025) based on Stokes`s Law which states that the rate of fall of particles in a suspension is directly proportional to their size. The soil texture was determined by ASTM 152-H hydrometer.
Moisture content
A porcelain crucible was placed in Ari J. Levy oven at a temperature of 105 oC and left for 2 hours, then cooled down to room temperature in a desiccator. The weight of the empty crucible was recorded. About 10 g of soil samples were weighed into the crucible and placed in the oven at 105 °C for 12 hours. Thereafter, cooled down to room temperature in a desiccator and reweighed again. The moisture content and moisture correction factor (mcf) were calculated using the following equations (Liang et al., 2021).
Moisture Content  				(2)
where:  A: Empty crucible weight; B: Sample + Crucible weight before drying; C: Sample + Crucible weight after drying and mcf (moisture correction factor)                                                         					                                                                                                                            
 pH determination 
Soil pH was determined in a 1:2.5 soil-to-distilled water suspension using a calibrated digital pH meter following APHA (2017) guidelines.  About 10 g of soil samples were suspended in 40cm3 deionized water in a 100 cm3 beaker and stirred with a glass stirring rod intermittently for 30 mins before being left to settle and pH was determined.
Electrical conductivity 
Electrical conductivity was measured in a 1:2.5 soil-water extract using a portable EC meter. EC provides information on soluble salt content, useful in evaluating soil salinity and its effect on plant growth (ASTM, 2019; FAO, 2021).
Salinity (dS/m) 						(3)
         Determination of total organic carbon by wet oxidation (Walkley Black Method)    
        Exactly 9.81 g of K2Cr2O7 was oven dried at 90oC and dissolved in 200 cm3 distilled water in a 500 cm3 volumetric flask, 25 cm3 of concentrated H2SO4 was gradually added, cooled and made up to mark with distilled water to obtained the desired chromic acid. Two (2) grams of each of the soil samples were weighed into a round bottom flask, 15 cm3 of the digestion mixture was added to it and placed on an electric stove and heated intermittently to ensure that the temperature is maintained at 150 oC for 45minutes. The digested samples were allowed to cool before 50 cm3 of water, 5cm3 of 85% H3PO4 and four (4) drops of 1, 10 –phenathroline indicator were added.
	The mixture was titrated with Fe(NH4)2(SO4)2 to a colour change from green to reddish- brown. The sample procedure was repeated for the blank without soil sample, and the titer values recorded. This process was repeated in duplicates.
		Equation for the reactions:
4CrVI + 3Co → 4CrIII + 3CIV                                                    			 (4)                                                           
CrVI + 3FeII → CrIII + 3FeIII (Blank Titration)            		 (5)                                               
       Calculations: The total carbon was calculated using the equation. 

                                    		(6)                                    
      where B = titre value of the blank; T = Titre value of mixture; M = molarity of Fe (NH4)2(SO4)2
	The actual concentration of the iron (II) solution was based on the blank.  
      Percentage of organic matter was calculated as:
  % organic matter = % organic carbon x 1.724			(7)
Total Nitrogen (Kjeld Hal Method) 
Nitrogen in soil is mostly present in the organic form with small quantities of ammonium and nitrate. This method measures only organic and ammoniacal forms, therefore nitrate is excluded. One (1) gram of the soil sample wase placed in the digestion tube. Two and a half grams of a catalyst mixture (containing K2SO4, CuSO4.5H2O) were added and thereafter, 10 mL of conc. H2SO4 was added. The mixture was heated to about 400˚C until the mixture became transparent, then allows it to cool. Exactly 50 mL distilled water was added into 250 mL conical flask, and the flask was placed under the condenser of the distillation apparatus. The end of the condenser was dipped into the solution and 20 mL of 40% NaOH wase added to the digest till the color changed to blackish. About 200 mL of the condensate was distilled. Thereafter, the condenser was rinsed and a few drops of indicator (0.1g of bromocresol green, 0.02g of methyl red in 100 mL ethanol) was added to the distillate. Then sample was titrated with 0.01N HCl till the pink color starts to appear. The percent nitrogen was calculated using the following equations (AOAC, 2002): 
weight of Total Nitrogen %        		(8)							
where: S: Volume of acid used against the sample; B: Volume of acid used against blank and N: Normality of acid.
   Calcium carbonate in soil (Back-Titration Method)
Exactly 5.0 g portion of soil was weighed into a 250 mL conical flask, after which 100 mL of 1 M HCl was added. The mixture was swirled and allowed to stand overnight, then shaken for two hours to ensure complete reaction. The suspension was allowed to settle (or filtered if necessary), and 5 mL of the clear supernatant was pipetted into a 100 mL conical flask. To this, 10 mL of distilled water and 2–3 drops of phenolphthalein indicator were added. The solution was titrated with 0.25 M NaOH until a faint pink endpoint was observed, and the volume of NaOH used was recorded. The titration was repeated twice for accuracy.
Reactions

CaCO₃ + 2HCl → CaCl2 + H2O + CO2 ↑                            			               (9)
HCl + NaOH → NaCl + H2O                                             			               (10)
Formula for % CaCO₃ x 100     (11)
where: V_HCl = Volume of HCl added (L); M_HCl = Molarity of HCl; V_NaOH = Volume of NaOH used (L); M_NaOH = Molarity of NaOH; V_total = Total volume of supernatant (L); V_aliquot = Aliquot taken (L), m_soil = Soil mass (g) and 100.09 = Molar mass of CaCO₃
Determination of available phosphorus in soil (Olsen Method)
The Olsen method was employed to determine the available phosphorus content in soil samples. About 5.0 g portion of air-dried soil was transferred into a 250 mL shaking bottle, and 100 mL of sodium bicarbonate extractant (0.5 M) NaHCO₃ adjusted to pH 8.5 with 1 M NaOH) was added. The suspension was shaken for 30 minutes and filtered through Whatman No. 42 filter paper. From the extract, 5 mL of the sample was pipetted into a test tube, followed by the addition of 5 mL of mixed reagent prepared by successively adding 50 mL of 4 M H₂SO₄, 15 mL of 4% ammonium molybdate, 30 mL of 1.75% ascorbic acid, 5 mL of 0.275% potassium antimony tartrate, and 200 mL of distilled water into a 500 mL volumetric flask. The solution was shaken and allowed to stand for one hour for the development of a blue color complex (molybdenum blue). The absorbance of the resulting solution was measured at either 882 nm or 720 nm using a spectrophotometer. This method, originally described by Olsen et al. (1954), has been widely modified and standardized in subsequent studies.
Formula for Available Phosphorus (Olsen P)
Available P (mg/kg)  				 (11)
where: S = P concentration in the sample extract (mg/L) from spectrophotometer; B = P concentration in the blank (mg/L); D = Dilution factor (normally 1 if undiluted); 100 = Volume of extractant added (mL); W = Weight of soil sample (g) and Mcf = Moisture correction factor.
Metal contents (Fe, Pb, Zn, Cd, Ni, Cr and Cu) 
HClO4-HF Digestion: About 1.0 g of soil sample (less than 2 mm) was transferred into a clean 100 mL Teflon (PTFE) digestion vessels were used to withstand HF corrosion and wetted with 5 mL of distilled water. Subsequently, 2 mL of HClO4 (70%) and 12 mL of HF (40%) were added, and the mixture was heated on a hotplate with temperature control to incipient dryness. Thereafter, 8 mL of HF was added again and heated to dryness. To the residue, 2 mL of HClO4 and about 5 mL of distilled water were added and the mixture was reheated to incipient dryness. The remaining residues was dissolved in 8 mL of HCl and 20 mL of distilled water. The solution was then made up to 100 mL in a volumetric flask and stored in a polyethylene bottle. The solutions were then analyzed by AAS using the appropriate hollow cathode lamps, wavelengths, and flame conditions for elements such as Fe, Pb, Zn, Cd, Ni, and Cr. Calibration was performed with at least five standard solutions covering the expected concentration range, while quality control checks included blanks, duplicate digestions, spiked recoveries, and CRM analysis. Background correction and auto-zero procedures were applied where required (Adebayo et al., 2024). The concentrations obtained from the AAS, expressed in mg/L, were converted to soil concentrations in mg/kg using the equation:
Soil concentration (mg/kg) 					(12)
where C is the concentration obtained from AAS in mg/L, V is the final volume of the digest solution in liters, D is the dilution factor (equal to 1 if no further dilution was made), and m is the mass of soil in grams. The multiplication factor of 1000 was used to convert grams into kilograms, so the results were expressed as mg/kg or ppm.
Statistical Data Analysis
The mean and standard deviation for all the parameters were calculated across the three sampling locations (NN, NW and NS). Statistical analysis of variance (ANOVA) between and within data stations showed that there was significance difference in some parameters and soil locations (p < 0.05). Simple correlation analysis was carried out each parameter against the total parameters at the three sampling stations. The result indicates that there is positive significant relationship (p < 0.05) with other parameters.
The principal components obtained and their variance contributions are shown in Table 5, and they display the hidden form of the data. Six elements are found to have eigenvalues more than 1 and together they explain 82.6 % of all the variance and this means that the dimensional reduction is strong and meaningful clustering is obtained of similar variables. The largest percentage of variability (25.4 % falls under component 1), indicating that there is a significant group of correlated physicochemical or contaminant parameters that has a significant impact on the dataset. The further component 2 and Component 3 will explain 17.9 and 14.9 respectively, and the overall explained variance would be 43.2, indicating another group of significant soil characteristics. Components 4, 5, and 6 describe 11.6, 7.13, and 5.74, respectively, that contain minor but significant patterns in the soil properties and distributions of contaminants. All the extraction results demonstrate that the first three components cover over half of the total variance, this means that the majority of the significant associations between soil physicochemical parameters, heavy metals and herbician residues are concentrated in the first three dominant components.
Table 5 showed the rotation sum of squared loadings which indicates redistribution of the total variance among the six components retained following Varimax rotation. Rotation enhances interpretability as it loads each variable as much as possible on each component to explain the underlying factor structure. After rotation, Component 1 describes 20.52% of the total variance, a little less than in the unrotated state of the components, suggesting a more focussed clustering of 	closely related variables. The three components, Component 2 and Component 3, explain 16.87 and 14.02 respectively, and explain a total of 51.41 percent of the variability. Components 4, 5 and 6 describe 11.75, 9.79, and 9.66 (cumulative) respectively, each less cumulative variance balance compared to the unrotated solution, though this time with more even and meaning distributions. In general, the rotated solution can also increase the visibility of the clusters of variables that help recognize unique groups of soil properties and contaminants that generate environmental differences between the sampling sites.
            




RESULTS AND DISCUSSION
Results

Table 1: Mean (± SD) of Fundamental Soil Properties Across Sampling Locations.

	Location
	pH
	EC (dS/m)
	OC (%)
	OM (%)
	MC (%)

	NN
	6.8 ± 0.3
	1.17 ± 0.1
	1.75 ± 0.01
	3.02 ± 0.01
	4.76 ± 0.2

	NW
	6.9 ± 0.1
	1.11 ± 0.1
	1.75 ± 0.01
	3.01 ± 0.02
	4.74 ± 0.3

	NS
	6.8 ± 0.1
	1.12 ± 0.04
	1.80 ± 0.01
	3.11 ± 0.01
	4.58 ± 0.2


 
Key: Nasarawa North (NN); Nasarawa West (NW) and Nasarawa South (NS)

Table 2: Mean (± SD) of Soil Macronutrients Across Sampling Locations.
	Location
	N (%)
	P (ppm)
	K (mg/kg)
	CaCO₃ (ppm)
	Mg (mg/kg)

	NN
	0.404 ± 0.02
	0.355 ± 0.04
	0.130 ± 0.1
	0.0113 ± 0.001
	0.398 ± 0.14

	NW
	0.420 ± 0.02
	0.400 ± 0.05
	0.007 ± 0.001
	0.016 ± 0.001
	0.617 ± 0.3

	NS
	0.556 ± 0.2
	0.453 ± 0.04
	0.011 ± 0.001
	0.014 ± 0.002
	0.360 ± 0.09


Key: Nasarawa North (NN); Nasarawa West (NW) and Nasarawa South (NS)


Table 3: Mean concentrations (± standard deviation) of heavy metals (mg/g) across sampling locations.
	Metal
	Nasarawa North (NN)
	Nasarawa West (NW)
	Nasarawa South (NS)

	Copper (Cu)
	0.465 ± 0.105
	0.546 ± 0.242
	0.341 ± 0.056

	Iron (Fe)
	0.313 ± 0.151
	0.585 ± 0.181
	0.548 ± 0.212

	Cadmium (Cd)
	0.015 ± 0.001
	0.014 ± 0.001
	0.322 ± 0.055

	Chromium (Cr)
	0.022 ± 0.005
	0.202 ± 0.042
	0.204 ± 0.034

	Nickel (Ni)
	0.018 ± 0.003
	0.300 ± 0.038
	0.015 ± 0.007


Key: Nasarawa North (NN); Nasarawa West (NW) and Nasarawa South (NS

Table 4: Mean Values of Physiochemical and Heavy Metals Concentrations in Soils Across Sampling Location using Dumcan Multiple
	Parameters
	NW
	NS
	NN

	pH
	6.88a
	6.88a
	6.82a

	EC
	1.10a
	1.16a
	1.12a

	N
	0.42a
	0.40a
	0.55a

	P
	0.40a
	0.35a
	0.45a

	K
	0.007a
	0.130a
	0.011a

	CaCO3
	0.01a
	0.01a
	0.01a

	OC
	1.74a
	1.75a
	1.80b

	OM
	3.01a
	3.01a
	3.10b

	Sand
	87.40b
	86.40b
	84.80a

	Silt
	5.58a
	5.76b
	5.40a

	Clay
	8.62a
	9.02a
	10.60a

	MC
	4.74a
	4.76a
	4.57a

	Glp
	1.08b
	1.01ab
	0.75a

	Pqt
	0.71b
	0.77b
	0.55a

	Cu
	0.54a
	0.46a
	0.34a

	Fe
	0.58a
	0.31a
	0.54a

	Mg
	0.61a
	0.39a
	0.36a

	Cd
	0.01a
	0.01a
	0.32b

	Ni
	0.30b
	0.01a
	0.01a

	Cr
	0.20b
	0.02a
	0.02b

	Pb
	15.75c
	8.83a
	14.17b

	Zn
	16.34a
	14.60a
	14.70a


Key: Nasarawa North (NN); Nasarawa West (NW) and Nasarawa South (NS)











Table 5 rotation sums of squared loading 
	Components
	Total
	% of variance
	Cumulative %

	1
	4.514
	20.517
	20.517

	2
	3.712
	16.871
	37.389

	3
	3.084
	14.020
	51.408

	4
	2.584
	11.747
	63.155

	-5
	2.154
	9.793
	72.948

	6
	2.125
	9.657
	82.606









Figure 2: Spatial Distributions of Physicochemical Parameters Across Sampling Areas



Figure 3: Spatial Distributions of Macronutrients Across Sampling Areas


Figure 4: Spatial Distributions of Heavy Metals Across Sampling Areas

Figure 5: Spatial Distributions of Herbicides, Lead and Zinc Across Sampling Areas
           
DISCUSSION
Soil Physicochemical Variability
Physicochemical Parameters, Heavy Metals Concentrations and Pesticides in the Soil
pH: The pH ranged from 6.82 – 6.88 across the sampling area with a mean pH of 6.86 ± 0.05. The highest pH was recorded at Kokona (6.88) while the least values were obtained Awe (6. 82) and Nasarawa Eggon (6.82). This implies that soils highly suitable for most crops. The results of pH obtained concurred with a number of studies within Nigerian savanna soils of slightly acidic to near-neutral because of moderate rainfall, seasonal leaching, and silicate-dominated parent materials (Azimzadeh et al., 2024; Swoboda et al., 2022. Liu et al., 2025; Wei et al., 2020; Gambo et al., 2025). This range of pH is generally accepted as the best range of pH where nutrients can be available and where microbial activities can be most useful. The spatial homogeneity of pH also compares with the results of Awoonor et al. (2024), Silva et al. (2024) and Wang et al. (2025), who contended that the effect of micro-scale land-use on the acidity of soil in savanna ecosystems is frequently neutralized by the similar effect of regional climatic control.
Electrical conductivity (EC): The EC ranged from 1.11 – 1.17 dS/m across the sampling area with a mean EC of 1.13 ± 0.20. The highest EC was recorded at Nasarawa Eggon (1.17 dS/m) while the least values were obtained at Kokona (1.11 dS/m). The mean EC obtained in this research is low, which implies the low salt buildup which is good for most crops and also an indication of sandy/ dry soil. However, if it is too low, the soil might be starved of essential ions like K+, Ca2+ and NO3– meaning that the plants get hungry fast. Thereby slow the plant growth, shows yellowish leaves and reduced plant yield due to poor root uptake. Notwithstanding, the result obtained agrees with the literatures as reported by Nwagbara and Ibe (2015), Agegnehu and Amede (2017), Okafor et al. (2021) and Aliyu et al. (2024). Statistical analysis showed that there were no significant relationships between the sampling area in terms of electrical conductivity.
Organic Carbon (OC): The OC ranged from 1.74 – 1.80 % across the sampling area with a mean EC of 1.77 ± 0.03 %. The highest EC was recorded at Awe (1.80 %) while the least values were obtained at Kokona (1.74 %). The organic carbon (OC) was moderate, especially at Nasarawa South, which denotes slightly high soil fertility of this location. Sidi et al. (2023) reported OC (0.44 – 1.72 %) in sediments collected from wetlands in Central Bida Basin, Nigeria. Ebido et al. (2021) demonstrated that adding biochar increased soil organic carbon by 7 – 11 % in low-fertility sandy soils. This implies that the result obtained in this work is within the literature values reported in Nigeria soils. Statistical analysis showed that there were no significant relationships between the sampling area in terms of organic carbon.
Organic Matter (OM): The OM ranged from 3.01 – 3.10 % across the sampling area with a mean OM of 3. 05 ± 0.06 %. The highest OM was recorded at Nasarawa Eggon (3.10 %) while the least values were obtained at Awe (3.01 %) and Kokona (3.01 %). The organic matter (OM) in the study area were generally moderate, means good nutrient-holding capacity, good soil structure and less erosion risk, hence denotes high soil fertility. Sidi et al. (2023) reported OM in sediments collected from wetlands in Central Bida Basin, Nigeria as Egbako (1.98 %) and Bida (2.98 %). Akpa et al. (2016) reported 0.5 1.5 % OM in many southern Nigeria soils. Ebido et al. (2021) demonstrated that adding biochar increased soil organic matter by 12.1 – 19.0 % in low-fertility sandy soils. This implies that the result obtained in this work is within the literature values reported in Nigeria soils. Statistical analysis showed that there were no significant relationships between the sampling area in terms of organic matter.
Moisture Content (MC): The MC ranged from 4.58 – 4.76 % across the sampling area with a mean OM of 4.69 ± 0.48 %. The highest MC was recorded at Nasarawa Eggon (4.76 %) while the least values was obtained at Awe (4.58 %). Though the variation of moisture content is not significant, which implies uniform moisture content of the soil across the study location and also it prevents nutrient lock-up and supports microbial life. Hence, the soils are fertile in the study area are well-structured and sustainable to the growth of plants. Statistical analysis showed that there were no significant relationships between the sampling area in terms of organic matter.
 Macronutrients heterogeneity and fertility implications
Nitrogen (N): The nitrogen ranged from 0.404 – 0.556 % across the sampling area with a mean nitrogen of 0.460 ± 0.25 %. The highest nitrogen was recorded at Awe (0.556 %) while the least values were obtained at Nasarawa Eggon (0.404 %). Although, Nigeria soil is generally low in nitrogen which necessitates the addition fertilizers to boost yields. The result obtained in this work is within the literature values reported in Nigeria soils. Statistical analysis showed that there was no significant difference in the sampling area in terms of nitrogen content. The order of abundance for nitrogen content in the soils obtained from the study locations are: NS > NW > NN.
Phosphorus (P): The phosphorus content ranged from 0.355 – 0.453 mg/kg across the sampling area with a mean nitrogen of 0.403 ± 0.097mg/kg. The highest phosphorus content was recorded at Awe (0.453 mg/kg) while the least values were obtained at Nasarawa Eggon (0.355 mg/kg). Although, Nigeria soil is generally low in phosphorus which necessitates the addition fertilizers to boost yields. Although, Nigeria soil is generally low in phosphorus which necessitates the addition fertilizers to boost yields Statistical analysis showed that there was no significant difference in the sampling area in terms of nitrogen content. The result obtained in this work is within the literature values reported in Nigeria soils. The order of abundance for phosphorus content in the soils obtained from the study locations are: NS > NW > NN.
Potassium (K): The potassium content ranged from 0.007 – 0.130 mg/kg across the sampling area with a mean potassium of 0.0500 ± 0.16 mg/kg. The highest potassium was recorded at Nasarawa Eggon (0.130 mg/kg) while the least values was obtained at Kokona (0.007 mg/kg). There was a very significant variation of potassium content across the study location. Although, Nigeria soil is generally low in potassium except in the Jos Plateau where total potassium ranges from 0.619 – 1.21 mg/kg across different slope positions. The result obtained in this work is within the literature values reported in Nigeria soils.  The order of abundance for potassium ion in the soils obtained from the study locations are: NN > NS > NW. Statistical analysis showed that there was significant difference in the sampling area in terms of potassium content.
Calcium (Ca): The calcium content ranged from 0.007 – 0.130 mg/kg across the sampling area with a mean potassium of 0.0500 ± 0.16 mg/kg. The highest potassium was recorded at Nasarawa Eggon (0.130 mg/kg) while the least values was obtained at Kokona (0.007 mg/kg). There was a very significant variation of potassium content across the study location. Although, Nigeria soil is generally low in calcium except in the Jos Plateau (volcanic/bas alt-derived) where exchangeable calcium ion ranges from 2.0 – 6.0 mg/kg across different slope positions and often high calcium from weathered basal; hence more fertile. The order of abundance for potassium ion in the soils obtained from the study locations are: NN > NW > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of potassium content.
Magnesium (Mg): The magnesium content ranged from 0.360 – 0.617 mg/kg across the sampling area with a mean magnesium of 0.459 ± 0.39 mg/kg. The highest calcium was recorded at Kokona (0.617 mg/kg) while the least values was obtained at Awe (0.360 mg/kg). There was a significant variation of magnesium content across the study location. Generally, Nigeria soil has varied status from very low to very high in term magnesium content, but in the Jos Plateau where total exchangeable magnesium ranges from 0.8 – 2.5 mg/kg (moderate to high basalt derived) across different slope positions. In coastal region and delta soils, 01 – 04 (very low, sandy, leached) have been reported. The result obtained in this work is within the literature values reported in Nigeria soils.  The order of abundance for magnesium ion in the soils obtained from the study locations are: NW > NN > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of magnesium content.
Cadmium (Cd): Cadmium levels in soil vary widely depending on location and human activity. The cadmium levels ranged from 0.01 – 0.32 mg/kg across the sampling area with a mean cadmium level of 0.117 ± 0.16 mg/kg. The highest cadmium level was recorded at Nasarawa Eggon (0.32 mg/kg) while the least values was obtained at Awe and Kokona (0.01 mg/kg). There was a significant variation of cadmium levels across the study locations. The background level in the U S and Europe usually set at 0.1 – 1.0 mg/kg. The risks thresholds are often set around 1.0 mg/kg for agricultural land, beyond which crop uptake and food safety become concerns. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. Although, concentrations of cadmium can rise, especially near, mines, smelters, industrial zones with some areas reporting levels above 1.0 mg/kg.  The order of abundance for cadmium ion in the soils obtained from the study locations are: NN > NW ≈ NS. Statistical analysis showed that there was significant difference in the sampling area in terms of cadmium concentration.
Copper (Cu): Copper levels in agricultural soil vary widely depending on land use, soil type and farming practices. The copper levels ranged from 0.34 – 0.54 mg/kg across the sampling area with a mean copper level of 0.451 ± 0.33 mg/kg. The highest copper level was recorded at Kokona (0.54 mg/kg) while the least values was obtained at Nasarawa Eggon (0.34 mg/kg). There was a significant variation of copper levels across the study locations.  In European croplands, the average cooper concentration is between 5 – 20 mg/kg. Regions like Croatia’s Zadar County, copper concentrations range from 0.15 to 290 mg/kg. Although, copper is an essential micronutrient for plants, concentrations above 100 mg/kg are often flagged as potential toxic, particularly for sensitive crops and soil microorganism.  Studies suggested that soil properties like pH, clay content and organic matter strongly influence copper availability and mobility. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. The order of abundance for copper ion in the soils obtained from the study locations are: NW > NS > NN. Statistical analysis showed that there was significant difference in the sampling area in terms of copper concentration.
Chromium (Cr): Chromium levels in soil vary widely depending on location and anthropogenic activity. The chromium levels slightly ranged from 0.022 – 0.204 mg/kg across the sampling area with a mean chromium level of 0.143 ± 0.110 mg/kg. The highest chromium level was recorded at Nasarawa Eggon (0.204 mg/kg) while the least values was obtained at Awe (0.022 mg/kg). There was a significant variation of chromium levels across the study locations. In unpolluted natural soil, chromium usually set between 10.0 – 50.0 mg/kg. But in the areas with industries, mining, or heavy sewage irrigation, the concentration can increase. The background level in the U S and Europe usually set at 0.100 – 1.00 mg/kg. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. The order of abundance for cadmium ion in the soils obtained from the study locations are: NN > NW > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of cadmium concentration.
Iron (Fe): Iron levels in soil vary widely depending on location and human activity. The Iron levels ranged from 0.310 – 0.580 mg/kg across the sampling area with a mean iron level of 0.482 ± 0.39 mg/kg. The highest iron level was recorded at Kokona (0.580 mg/kg) while the least values was obtained at Awe (0.310 mg/kg). There was a significant variation of iron levels across the study locations. Plant – available iron range 2 – 50 mg/kg; less than 2 mg/kg often triggers chlorosis in sensitive crops. In Nigeria soils, total iron usually high but available Fe can low due acidity, leaching and low organic matter. The result obtained in this work showed low iron concentration due to, competing ions, waterlogging, pH (> 5.5) and low organic matter. The order of abundance for iron ion in the soils obtained from the study locations are: NW > NN > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of iron concentration.
Lead (Pb): Lead levels in soil vary widely depending on location and human activity. The Pb levels ranged from 8.83 –15.8 mg/kg across the sampling area with a mean Pb level of 12.9 ± 3.2 mg/kg. The highest Pb level was recorded at Kokona (15.8 mg/kg) while the least value was obtained at Awe (8.83 mg/kg). There was a significant variation of Pb levels across the study locations. Lead in farm soils usually set between 15 – 40 mg/kg in unpolluted areas, that is the background level globally. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. Although, concentrations of Pb can rise, especially near, mines, smelters, industrial zones with some areas reporting levels above 100 mg/kg.  The order of abundance for Pb ion in the soils obtained from the study locations are: NW > NN > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of Pb concentration.
Nickel (Ni): Nickel is a micronutrient needed in tiny amounts in plant and levels in soil vary widely depending on location and human activity. The nickel levels ranged from 0.0150 – 0.300 mg/kg across the sampling area with a mean Ni level of 0.111 ± 0.15 mg/kg. The highest nickel level was recorded at Kokona (0.300 mg/kg) while the least values was obtained at Awe (0.0150 mg/kg). There was a significant variation of nickel levels across the study locations. The total amount of Ni 5 – 30 mg/kg in Nigerian soils and about 0.1 – 3.0 bioavailability of Ni to crops. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. Although, concentrations of Ni can rise reach 100 – 300 mg/kg in Jos Plateau where serpentine soils dominate.  The order of abundance for nickel ion in the soils obtained from the study locations are: NW > NN > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of nickel concentration.
Zinc (Zn): Zinc is one those quietly essential micronutrients required by crops in a tiny quantity. The zinc levels ranged from 14.6 – 16.4 mg/kg across the sampling area with a mean cadmium level of 15.2 ± 2.7 mg/kg. The highest zinc level was recorded at Kokona (16.4 mg/kg) while the least values was obtained at Awe (14.6 mg/kg). There was a significant variation of cadmium levels across the study locations. The total amount of Zn 10 – 300 mg/kg in Nigerian soils and about 0.1 – 2.0 mg/kg is bioavailable to crops. The result obtained in this work is within the standard limits set EPA and Europe in Agricultural soils. The order of abundance for nickel ion in the soils obtained from the study locations are: NW > NN > NS. Statistical analysis showed that there was significant difference in the sampling area in terms of nickel concentration.
Spatial Distribution of parameters
Figure 1 showed the average spatial occurrence of the soil textural fractions sand, silt and clay distribution over three sampling areas in Nasarawa State (NN, NW and NS). The findings indicate some homogenous textural structure as sand is the dominant textural constituent with silt and clay as minor components in all the sites. In all the three zones, the percentage content of sand is extremely high (≈ 90 %), signifying that soils are, nevertheless, sandy regardless of the geographic space. This implies that there are great similarities in parent material and pedogenic processes within the state. The sand content is relatively high (≈ 10 %) and exhibits only a small degree of spatial variability among NW, NN and NS. The very low silt fraction indicates little alluvial input or little depositional action that normally increases the alluvial soils with particles that are of intermediate size. The clay fraction, although marginally larger than silt, in most places (13 – 15 %), is quite low in general. The low clay content means that the soil is not well aggregated, the cation exchange capacity (CEC) is low, and the ability to retain nutrients is low. Compared to the other sites, the clay content in NS is slightly higher than in other sites, which could be explained by the fact that weathering intensity, landscape location, or microenvironment on this site were slightly different than in other regions.
The spatial distribution of main physicochemical parameters (pH, EC, OC, OM, and MC) at the three sampling sites (NW, NN, and NS) was presented in Figure 2. The site pH values are more stable with a range of slightly acidic to slightly near-neutral (6.8 - 6.9), which means that there is not much spatial change in the acidity of soil. EC reflects slight differences between the locations as well, which affirms the fact of low salinity levels in the entire area of the study, and organic carbon and organic matter reflect a slightly higher value in NS which may indicate a slightly higher organic input or decomposition activity in this place. The moisture content shows the same trend with the highest value of NW and the lowest value of NS, but the spatial differences are not very large indicating that the soils of the three sites have quite similar physicochemical properties, and only slight differences can be observed.
The spatial distribution of the main parameters of the macronutrients: nitrogen, phosphorus, potassium, calcium and magnesium at the three sampling points (NW, NN and NS) is shown in Figure 3. The findings reveal vivid yet diverse nutrient patterns that depict the difference in the soil fertility status across the sites. The amount of nitrogen and phosphorus is also the highest in NS which implies that there is more nutrient available or higher organic matter mineralization in this place. The relatively similar values of N and P are expressed in NW and NN, whereas potassium has a significant spatial variation, with NN having the highest concentration of K, and NW and NS having considerably lower levels, which can indicate the possibility of either depleting N and P or stronger leaching in these regions. The level of CaCO3 is also maintained at low levels throughout the sites, which means that the soils did not have a significant contribution of calcareous. The concentration of magnesium is highest in NW, then NN and NS, which reflects the differences in the parent material or the capacity to store cations, N and P have the highest concentration in NW, NN and NS is only enriched in K, whereas NW has the best levels of Mg which indicates a difference in the fertility characteristics and the distribution patterns of the nutrients across the sampling sites.
The mean concentrations of the selected heavy metals in soils at NN, NW and NS with different spatial distribution of metals are presented in Table 3. There is a possible variation in geological or anthropogenic sources like agricultural chemicals or waste deposition for most of the metals especially Cu and Fe. However, the situation is quite different with Cd where NS has a much higher level of Cd (0.322 mg/kg) compared to the level in NN and NW (0.015-0.014mg/kg). this could be due to localized contamination, which could be fertilizers or pesticide residues. Cr levels are significantly elevated in NW and NS (0.202 0.204mg/kg) than the very low level of NN (0.022mg/kg) indicating stronger lithogenic activity or high exposure of the two regions to Cr-bearing inputs. Nickel (Ni) also shows a strong spatial gradient at NW (0.300 mg/kg) and lowest at NN and NS due to the probability of varying parent material or environmental contributions at NW. In general, according to the heavy metal profile, it is possible to state that NW bears the most of the overall metal burden, NS has a unique high level of cadmium, and NN has a rather lower metal concentration, which reflects a combination of both natural and anthropogenic factors, which differ in all sampling sites. Figure 4 showed the geographical spread of the chosen heavy metals (Cu, Fe, Cd, Ni and Cr) within the three sampling points (NW, NN and NS). There is obvious variability in the concentrations, which implies that there was a difference in geochemical composition and may be anthropogenic. Copper and iron are the most abundant in NW and NN respectively and the least in NS indicating that the metal is more enriched in the western zone or there is parent material effect. A clear pattern is observed with cadmium with the highest level being in NS, suggesting that there is localized contamination or that Cd is more mobile in the southern soils. The significantly greater NI value in NW compared to NN and NS is another argument of the existence of Ni-rich geological structures or contributions specific to this area. The spatial differences in mineral content or exposure to the sources of Cr lead to notable differences in chromium in NW and NS, but not in NN, and indicate that some areas have the highest overall burden of metals, others are uniquely high in cadmium, and the rest are generally lower than the others in Cr.
Figure 5 represents the spatial distribution of glyphosate (GLP), paraquat (PQT), lead (Pb), and zinc (Zn) in the three sampling sites (NW, NN, and NS). The levels of herbicide residues (GLP and PQT) are not very high, but there is a considerable difference between sites. GLP occurred in the highest concentration in NN and NW, whereas the lowest concentrations were in NS, which suggests the possibility of variations in the intensity of herbicide applications or degradation rates. Paraquat is of a similar pattern, with NW and NN much more concentrated compared to NS. Conversely, the concentrations of lead and zinc are much higher and more spatially diverse. Pb concentration is highest in NW, then NS, and the lowest in NN indicating that there are certain location specific inputs in the form of agricultural chemicals, traffic, or lithogenic. Zn also has large values in NW indicating that NN and NS have moderate values indicating the fluctuating levels of contamination pressures and soil retention in the sampled areas.
 CONCLUSION
The soils at the three locations were slightly acidic to near-neutral, non-salty, and moderately fertile typical of typical tropical savanna, and there was a high degree of spatial heterogeneity, which had a strong influence on the accumulation and dynamics of metals and herbicides, with the soils in Nasarawa South exhibiting the highest concentrations of organic carbon, organic matter, nitrogen and clay, allowing sorption and retention of contaminants, and in Nasarawa North soils being relatively coarse-textured and having lower phosphorus availability that enhanced Reorganization of the regional mean heavy metal concentrations showed local signatures with Nasarawa North showing the trend: Zn > Pb >> Mg ≈ Cu ≈ Fe > Cr > Ni > Cd and with the major contributors being Zn and Pb where the high Pb and low Cd and Ni indicating non-geogenic sources, e.g., agrochemical residues, vehicle emissions, and local garbage disposal, and the high sand content and low organic matter indicating that the immobilization is retarded such that high Pb can be bioavailable and be mobilized.;  In Order of occurance, Pb > Zn >> Fe > Mg > Cu > Cr > Cd > Ni (high Pb and Zn, strongly increased Cd) Nasarawa South exhibited a high surface complexation and cation exchange with Fe and Mg, with very high organic matter and clay contents, which are prime conditions to enrich the surface with phosphate fertilizers, herbicide impurities and intensive agricultural use, which leads to high Pb and Zn and a very high Cd concentration.; The order of West Nasarawa showed Pb > Zn >> Fe > Mg > Cu > Ni > Cr > Cd and the highest concentration of Pb in all the regions, which indicated that it was the most Pb-impacted zone, and high Ni indicated the presence of other anthropogenic source(s) of Pb whether it was mechanical activities, fuel combustion or agro-industrial and moderate organic matter with high sand content led to mixed retention-mobility behaviour. This research work has also provided evidence of a close relationship between metal contamination and herbicide fate with glyphosate being intermediate, pH-sensitive and semi-reversible adsorbed, which was most mobile in Nasarawa North soils owing to its coarse texture and low organic matter and paraquat being strongly adsorbed, which is almost irreversible across all soils, through electrostatic cation exchange, and with little desorption; in the case of metal-enriched Nasarawa South soils.
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Figure 1: Mean Spatial Variations in Soil Texture Across Sampling Locations 
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