


Groundwater Vulnerability Assessment around Open Dumpsites in a Nigerian Basement Complex Terrain Using a Modified DRASTIC-L Model




ABSTRACT
The risk of aquifer contamination is increasing in areas underlain by Basement Complex terrain due to continuous waste disposal. The primary aim of this study is to evaluate the intrinsic and specific vulnerability of groundwater resources to contamination from leachate originating from open dumpsites within a Nigerian Basement Complex terrain by applying a Modified DRASTIC-L model. This study develops a composite aquifer vulnerability map for selected dumpsites using a modified version of the DRASTIC model, referred to as DRASTIC-L. The study area is situated in Itaogbolu, within the Akure North Local Government Area of Ondo State, Nigeria. Unlike the traditional DRASTIC framework, which evaluates seven hydrogeological parameters; depth to groundwater, net recharge, aquifer media, soil media, impact of the vadose zone, and hydraulic conductivity. The DRASTIC-L model incorporates land use as an additional factor. Vulnerability mapping was carried out in ArcGIS using inputs from Vertical Electrical Soundings (VES), remote sensing, and hydrogeological surveys. The VES campaign comprised 56 depth soundings with electrode separations up to 65 m, while remotely sensed parameters were derived from LANDSAT 7 ETM+ imagery and a Digital Elevation Model (DEM). The DRASTIC-L Vulnerability Index (DVI) was calculated by assigning ratings (1–10) and weights (1–5) to each parameter. The study classified the area into five vulnerability zones: very high, high, medium, low, and very low. Findings indicate that several dumpsites are located in high-vulnerability zones, posing significant risks to groundwater quality. Model validation using water sample analysis confirmed an accuracy of 76%, highlighting the importance of improved waste management practices for groundwater protection. Given these findings, the implementation of proper waste and water management policies in the study area is essential.
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INTRODUCTION
Groundwater provides the only feasible and affordable way to extend basic water access to unserved rural populations in much of the world. This is especially the case in   Sub-Saharan Africa, where the rural population is large but dispersed (Siyingwa & Muchanga, 2023; Manohar et al., 2017). Groundwater is a vital component of the life support system and plays a crucial role in economic development (Saatsaz et al., 2011). In recent decades, the reliance on groundwater has increased significantly, with over 2 billion people worldwide depending on it to meet their drinking water needs (Senthilkumar et al., 2014). However, water scarcity and contamination have emerged as major global challenges, making the preservation of groundwater quality essential to ensure access to safe water for billions of people (World Wildlife Fund, 2019).
The concept of aquifer vulnerability was first introduced by Margat in 1968, and since then, various definitions have been proposed. For instance, Lobo-Ferreira (1999) defined aquifer vulnerability as the sensitivity of groundwater quality to an imposed contaminant load, determined by the intrinsic characteristics of the aquifer. Similarly, Hirata and Bertolo (2020) described groundwater vulnerability as “the property of a groundwater system that depends on the sensitivity of the material in allowing the degradation of the saturated zone by pollutants originating from human activities.” The National Research Council (1993) defined it as “the relative ease with which a contaminant applied on or near the land surface can migrate to the aquifer of interest under specific hydrogeological conditions.”
Waste generation has increased drastically around the world in recent decades, with less than 20% of waste recycled each year, and one-third of all food produced wasted (Raphela et al., 2024). In Nigeria, improper waste disposal is a significant environmental issue in many urban areas (Agumwamba, 2003). Large volumes of waste generated daily from industrial, residential, and institutional sources pose a risk of dangerous epidemics if not managed properly. Improper waste disposal can lead to groundwater contamination, as rainwater carries contaminants from open dumps and landfills into the subsurface, forming leachate that contains both biological and chemical pollutants (Dauda and Osita, 2003; Slomczynska and Slomczynski, 2004).
Various techniques exist for evaluating aquifer vulnerability, including the Analytical Hierarchy Process (AHP), Geophysical-based Integrated Electrical Conductivity (IEC), and the Groundwater hydraulic confinement-Overlying Strata-Depth to Water Table (GOD) method. However, the most widely used technique is the DRASTIC model, an empirical model developed by the US Environmental Protection Agency (US EPA) to assess groundwater contamination potential on a regional scale. The DRASTIC model, introduced by Aller et al. (1985), evaluates seven parameters: Depth to water, Recharge, Aquifer media, Soil media, Topography, Impact of the vadose zone, and Hydraulic conductivity. It uses hydrogeological data within a Geographic Information System (GIS) environment to compute an aquifer vulnerability index (Madjid and Omar, 2013).
Despite its widespread use, the traditional DRASTIC model does not account for the impact of land use, which significantly influences how contaminants reach groundwater. This study addresses this limitation by incorporating land use as an additional parameter into the DRASTIC model. By deriving a land use map and integrating it into the model, the study aims to provide a more realistic assessment of groundwater vulnerability to contamination.
Description of the Study Area
The study area is situated in Itaogbolu, within the Akure North Local Government Area of Ondo State, Nigeria. Geographically, it lies between 814607–815607 mN (Northing) and 747205–748405 mE (Easting) in the Universal Transverse Mercator (UTM) coordinate system, based on the WGS 84 datum. Covering approximately 2.2 km², the area is bordered to the north by Iju and Ikere Ekiti, to the south by Akure, and to the west and east by villages extending toward Ijare and Ogbese, respectively. The base map of the study area is presented in Figure 1.

Geology of the Study Area
Several researchers, including Rahaman (1976), Odeyemi (1976), and Owoyemi (1996), have conducted geological mapping and related studies in the Akure Metropolis and its surrounding areas. However, the specific study area, located within the Akure environment, is underlain by undifferentiated granite of the Basement Complex, as illustrated in Figure 2. Granitic rock outcrops are present in some parts of the area, exhibiting fine to medium grain textures, likely rich in biotite, feldspar, and quartz. Overall, the geological composition of the area can be described as monolithic.
METHODOLOGY
The data used in this research encompass the obtained hydro-geologic data, remotely sensed data analysis and Vertical Electrical Sounding (VES). The flowchart adopted methodology is presented in Figure 3 and the data acquisition map for the VES and the hydro-geological data is presented in Figure 4. The field geophysical data acquisition and layer parameter modelling was carried out; the potential of GIS technique modelling application was explored. This was followed by implementing the theory and principle of modified DRASTIC i.e. (DRASTIC-L) model. Details of each segment are highlighted in the following subsection.
Geophysical Investigation
A total of 56 Vertical Electrical Sounding (VES) data points were acquired in the study area using the Schlumberger array, with half-current electrode spacing (AB/2) ranging from 1 to 65 meters. Data acquisition was conducted using an Omega Resistivity Meter, while the locations of the VES stations were recorded in the Universal Transverse Mercator (UTM) coordinate system using a Geographic Positioning System (GPS) unit. The sounding data were acquired along roads, between houses and other available open spaces 
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Figure 1: (a) Map of Nigeria; (b) Map of Ondo State; (c) Base Map of the Study Area
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Figure 2: Geological Map of the Study Area
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Figure 3: Methodology Flowchart for Groundwater Vulnerability Evaluation
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Figure 4: Data Acquisition Map of the Study Area showing the VES Stations and the Well Locations








Geophysical Data Processing and Interpretation
The Vertical Electrical Sounding (VES) data were processed by calculating the apparent resistivity (ρₐ) values, derived from the product of the measured resistance (R) and the geometric factor (G) corresponding to each electrode separation. The calculated apparent resistivity (ρₐ) values for each VES station were plotted against electrode spacing (AB/2) on a bi-logarithmic graph sheet. The resulting curves were qualitatively analyzed through visual inspection to determine subsurface layer characteristics. For quantitative interpretation, partial curve matching was performed on the field curves. The resistivity and thickness values obtained from curve matching were then used as initial model parameters in iterative forward modeling process, conducted using WinResist software (Vander Velpen, 2004). The derived geoelectric parameters; resistivity, thickness, and depth were instrumental in identifying aquifer thickness and aquifer resistivity, both of which are critical factors in groundwater vulnerability assessment.
Remotely Sensed Data Processing
The remotely sensed parameters for the study area were obtained using the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) sensor and a Digital Elevation Model (DEM). These parameters were processed and converted into a compatible digital format, calibrated using the WGS84-UTM coordinate system, and integrated into the Geographic Information System (ArcGIS) software. The data were then visualized as maps to illustrate their spatial distribution across the study area. Interpolation was performed using ArcGIS analytical tools to enhance the accuracy and representation of the parameters.



Background sources and preparation of DRASTIC-L Parameters
(a)	Depth to Water Table (D)
The depth to the groundwater table, which is the vertical distance between the land surface and the water table, is a critical factor in assessing an area's vulnerability to contamination. Generally, deeper water tables result in longer travel times for contaminants, reducing the likelihood of groundwater pollution. Conversely, areas with shallow water tables are more susceptible to contamination, as pollutants can easily percolate through runoff and recharge, reaching groundwater sources more quickly (Jaroslav and Zaporozec, 1994). In this study, the depth to the water table was measured directly in 48 randomly distributed wells across the study area using a measuring tape. The collected data were then interpolated using ArcGIS analytical tools to create a spatial map representing the depth to the water table across the region.
 (b)	Net Recharge (R)
Net recharge is a critical factor in the movement of contaminants, as it represents the amount of water that infiltrates the ground surface and reaches the aquifer. Water acts as a carrier for contaminants, meaning that higher volumes of recharge increase the likelihood of transporting pollutants into groundwater systems. In this study, groundwater recharge from rainfall was estimated using the norms established by the Groundwater Estimation Committee (1997). The committee developed specific guidelines for calculating recharge based on rainfall infiltration, which vary depending on the geological characteristics of the area. These norms are outlined as follows:
1. Alluvial Areas:
a. Sandy areas: Recharge is estimated at 20–25% of rainfall.
b. Areas with high clay content (over 40% clay): Recharge is estimated at 10–20% of rainfall.
2. Semi-Consolidated Sandstones:
a. Recharge is considered to be 10–15% of rainfall.
3. Hard Rock Areas:
a. Granitic Terrain:
i. Weathered and fractured rocks: Recharge is 10–15% of rainfall.
ii. Un-weathered rocks: Recharge is 5–10% of rainfall.
b. Basaltic Terrain:
i. Weathered and fractured rocks: Recharge is 10–15% of rainfall.
ii. Un-weathered basalt: Recharge is 4–10% of rainfall.
These guidelines provide a framework for estimating groundwater recharge based on regional rainfall and geological conditions, aiding in the assessment of contaminant migration potential. The Recharge Coefficient (Rₐₒₑff) is defined as the ratio of recharge to effective rainfall, representing the portion of effective rainfall that contributes to groundwater aquifers. It is expressed as a percentage (Allocca et al., 2014; Muteraja, 1986) and is calculated using the following formula:
						(1)
Where  is the recharge coefficient, R is the net-recharge and  is effective rainfall.
    				(2)
Equation 2 was utilized to estimate the net recharge by analyzing the annual rainfall and the recharge coefficient derived from the soil map of the study area. The recharge coefficient (Rₐₒₑff) for the study area is 1805.9 mm/year (Olujumoke et al., 2016). For sandy areas (including sandy-clay and clayey-sand), the percentage estimate (Pₑ) ranges from 20% to 25%, with an average of 22.5%. The recharge (R) is calculated as follows:
			
Percentage estimate for Hard rock (Granitic terrain) = 5-10% with an average of 7.5%, R is calculated thus:
			 
Percentage estimate for area with high clay content (about 40% clay) = 10-15% with an average of 12.5% calculated thus;
			
(c)	Aquifer Type
The aquifer media refers to the consolidated or unconsolidated materials that form the water-bearing subsurface hydrogeological environment. This saturated zone plays a crucial role in controlling the attenuation of pollutants as they move through the groundwater system. In this study, the nature of the aquifer media was determined using resistivity values obtained from interpreted Vertical Electrical Sounding (VES) data. These resistivity values were cross-referenced with Table 1 to identify the specific characteristics of each aquiferous unit.
Table 1: Lithological Rating in terms of Resistivity Values, (Idornigie et al., 2006)
	Apparent resistivity Value (Ohm-m)
	Lithology

	<100 	
	Clay 

	100-350 
	Sandy clay 

	350-750 
	Clay sandy 

	>750 
	Sand/Lateritic/Bedrock 



(d) Soil Media
The uppermost weathered portion of the unsaturated zone is referred to as the soil media. The characteristics of the soil significantly influence the movement of recharge water infiltrating into the aquifer, as well as the downward migration of contaminants into the vadose zone. This parameter was determined using the soil map of the study area, which was developed by collecting soil samples from various locations. The sampling points were recorded using a Geographic Positioning System (GPS), and each location was classified based on its corresponding soil type. 
(e) Topography (Slope)
Slope has an inverse relationship with groundwater vulnerability. In hilly terrains with steep slopes, runoff is high, reducing the time available for water to infiltrate into the aquifer. Conversely, areas with gentler slopes retain water for longer periods, increasing the potential for pollutant infiltration into the groundwater. The topography of the study area was analyzed using a Digital Elevation Model (DEM), with slope estimation performed through spatial analysis. The slope tool in ArcGIS software calculates the maximum rate of elevation change between a given cell and its neighboring cells, identifying the steepest downhill descent.
 (f)	 The Vadose Zone
The vadose zone is the unsaturated layer above the water table, playing a crucial role in determining groundwater contamination potential. Its ability to attenuate contaminants depends on the material composition within this zone, which influences the reduction of pollutants before they reach the aquifer. The vadose zone characteristics were determined using the apparent resistivity values of the lithologic layers above the aquifer. Based on Table 1, aquifers were classified into different units according to their resistivity values: layers with apparent resistivity of less than 100 Ωm were identified as clay, 100–350 Ωm as sandy clay, 350–750 Ωm as clayey sand, and values exceeding 750 Ωm as lateritic material or bedrock.
 (g)	Hydraulic Conductivity
Hydraulic conductivity refers to the ability of water-bearing subsurface layers, whether confined or unconfined aquifers, to transmit water, thereby regulating the rate of groundwater flow under a given hydraulic gradient (Theis, 1935; Singh & Gupta, 1986). In this study, the hydraulic conductivity of the aquifer was determined using the established relationship between hydraulic conductivity (K) and aquifer resistivity (ρ), as expressed in Equation 3.
								         	 			(3)
Where K is the formation hydraulic conductivity and ρ is the aquifer layer resistivity.
(g) Land Use (L)
This process involves the management and modification of the natural environment to support various economic and cultural activities, such as agriculture, residential development, mining, industry, and recreation. Groundwater susceptibility to pollution is significantly influenced by different land use types and the associated activities involved in land development. Various land use patterns—such as urban, commercial, industrial, and agricultural—affect the concentration and distribution of contaminants (Ahsen et al., 2020). Key sources that alter hydrogeological properties include urban and industrial waste disposal, pesticide application, and seepage from septic tanks and waste dumping sites. The land use map of the study area was generated from a LANDSAT image (Figure 5), illustrating structural developments such as buildings and roads, as well as areas covered by vegetation and shrubs.
Modified DRASTIC modelling 
DRASTIC is an empirical model designed to evaluate the potential for groundwater pollution by analyzing a weighted combination of seven hydrogeological factors: depth to water, net recharge, aquifer media, soil media, topography, impact of the vadose zone, and hydraulic conductivity of the aquifer (Aller et al., 1985). To improve the model's accuracy, the impact of land use was integrated, transforming the original seven-parameter DRASTIC model into an eight-parameter system known as DRASTIC-L, where "L" signifies land use. This modification was introduced to better reflect the critical role land use plays in influencing the movement of contaminants into groundwater systems.
Preparation of DRASTIC-L Vulnerability Map
The eight parameters were digitized into a compatible format and converted into raster data using ArcGIS, calibrated with the WGS84-UTM coordinate system. Each parameter was classified according to its relative ratings and weights to facilitate overlay analysis.
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Figure 5: Satellite Image of the Study Area
Ratings and weights were assigned to each of the eight parameters for the vulnerability assessment. The parameters were categorized on a scale of 1 to 10, with 1 indicating the least vulnerable areas and 10 representing the most vulnerable areas. These ratings were further weighted based on the relative significance of each parameter in affecting the aquifer's susceptibility to contamination. The weighting scale ranged from 1 to 5, where 1 signifies the least important and 5 denotes the most critical parameters. Detailed information on the assigned weights and ratings for each parameter is provided in Table 2 and Table 3, offering a thorough overview of the vulnerability assessment framework.
Table 2: Weights and Ratings allocated to Various Factors used in the Groundwater Vulnerability Assessments (Modified after Aller et al., 1987).
	DRASTIC Parameters
	Range
	Rating
	Weight
	Total Weight

	Depth to Water Table (m)

	0 – 1.5
1.5-4.6
4.6-9.1
9.1-15.2
15.2-22.8
>30.4
	10
9
7
5
3
1
	


5
	50
45
35
25
15
5

	Net Recharge (mm/year)

	<50
50-100
100-175
175-250
>250
	1
3
6
8
9
	

4
	4
12
24
32
36

	Aquifer Type

	Massive Clay
Sand and Clay
Clay, Gravel and Sand
Sandy Gravel
	1
2
4
8
	
3
	3
6
12
24

	Soil Media




	Absent
Gravel-sand
Sandy loam
Sandy Clay
Clay
Laterite
	10
9
8
3
2
1
	

2
	20
18
16
6
4
2

	Slope (◦)

	0 to 2
2 to 6
6 to 12
12 to 18
>18
	10
9
5
3
1
	

1
	10
9
5
3
1

	Impact of Vadose zone
	Sand-Gravel
Gravel-sandy-clay
Sandy Clay
	8
7
6
	

5
	40
35
30

	Hydraulic Conductivity
	




	2
4
6
8
10
	

3
	6
12
18
24
30



Table 3: Weights and Ratings Allocated to Land use Impact (Salaj et al., 2018 and Ahsen Maqsoom et al., 2020).	
	
	Range
	Rating
	Weight
	Total Weight

	Land Use
	Built up Area
Agriculture and Plantation
Fallow land
Barren/ Rocky
Vegetation (Forest/ Shrub)
River/ Water bodies
	10
8
6
4
2
1
	

5
	50
40
30
20
10
5



The DRASTIC-L Vulnerability Index (DVI) was calculated by performing a linear summation of the weights and ratings assigned to each parameter. The formula used for this computation is provided in Equation 4:
𝐷𝑉𝐼=𝐷𝑟𝐷𝑤+𝑅𝑟𝑅𝑤+𝐴𝑟𝐴𝑤+𝑆𝑟𝑆𝑤+𝑇𝑟𝑇𝑤+𝐼𝑟𝐼𝑤+𝐶𝑟𝐶𝑤+LrLw				(4)       
Where, 
Dr = Rating for depth to the water table
Dw = Weight assigned to depth to the water table
Rr = Rating for aquifer recharge
Rw = Weight assigned to aquifer recharge
Ar = Rating for aquifer media
Aw = Weight assigned to aquifer media
Sr = Rating for soil media
Sw = Weight assigned to soil media
Tr = Rating for topography (slope)
Tw = Weight assigned to topography
Ir = Rating for the impact of the vadose zone
Iw = Weight assigned to the vadose zone impact
Cr = Rating for hydraulic conductivity
Cw = Weight assigned to hydraulic conductivity
Lr = Rating for land use
Lw = Weight assigned to land use
This formula was used to compute the vulnerability index, which in turn was utilized to generate the groundwater vulnerability map.


RESULTS AND DISCUSSION
Result Presentation
The findings of this study are illustrated through maps, tables, and sounding curves. The results of the Vertical Electrical Sounding (VES) interpretation are summarized in Table 4. For the modified DRASTIC (DRASTIC-L) model, eight thematic maps were integrated to develop the vulnerability map of the study area.
Discussion of Results 
Depth to Water Table (D)
The depth-to-water table map, derived from measurements in hand-dug wells, is displayed in Figure 6. The results reveal significant spatial variations in water table depth across the study area, particularly from the western to the eastern regions. The depth to water ranged from 0.6 to 7.4 meters and was categorized into four classes. Deeper water levels were observed in the western part of the area, indicating a lower potential for contamination. In contrast, the central part, where dumpsites are located, exhibited shallower water levels of less than 3 meters, making it more susceptible to surface contamination. The southwestern region showed moderate vulnerability, with water table depths ranging between 2.7 and 7.4 meters. The depth data were divided into four classes: 0.6–2 meters, 2.1–2.6 meters, 2.7–3.3 meters, and 3.4–7.4 meters.
Net Recharge (R)
The effective net recharge was calculated to vary across the study area based on soil composition. Areas with granitic outcrops had a recharge rate of 135 mm/year, regions with high clay content showed a recharge rate of 225 mm/year, and sandy areas (including sandy clay and clayey sand) exhibited the highest recharge rate of 406 mm/year, as illustrated in Figure 7. 

Table 4: VES Interpretation Results
	VES
	Layer Thickness(m)
	Layer Resistivity(ohm-m)
	Curve Type
	Hydraulic Conductivity
	Aquifer Type

	
	h1
	h2
	h3
	h4
	ρ1
	ρ2
	ρ3
	ρ4
	
	
	

	1
	0.9
	4.1
	
	
	266
	88
	677
	
	H
	0.01254938
	Clay

	2
	0.9
	2.5
	
	
	133
	63
	1875
	
	H
	0.019025771
	Clay

	3
	1
	1.7
	12.8
	
	260
	215
	801
	891.2
	H
	0.001535968
	Sandy clay

	4
	1.1
	2.2
	
	
	72
	173
	601
	
	A
	0.003071442
	Sandy clay

	5
	1.3
	5.1
	
	
	138
	37
	188
	
	H
	0.029181141
	Clay

	6
	1.8
	5.2
	
	
	154
	29
	1254
	
	H
	0.033375077
	Clay

	7
	1
	12
	
	
	166
	126
	6889
	
	H
	0.006639605
	Sandy clay

	8
	1
	2.2
	
	
	177
	125
	741
	
	H
	0.006739416
	Sandy clay

	9
	1.3
	3.5
	
	
	263
	30
	1411
	
	H
	0.032989997
	Clay

	10
	1.1
	2.7
	
	
	172
	99
	1294
	
	H
	0.010422749
	Clay

	11
	0.7
	1.7
	
	
	233
	81
	9304
	
	H
	0.013977267
	Clay

	12
	0.9
	9.5
	
	
	240
	468
	17368
	
	A
	0.000023086
	Clay sandy

	13
	1
	7.4
	
	
	169
	398
	17698
	
	A
	0.000000368
	Clay sandy

	14
	1.1
	9.8
	
	
	400
	26
	1108
	
	H
	0.034729799
	Clay

	15
	1.1
	2.5
	
	
	56
	18
	2012
	
	H
	0.040184843
	Clay

	16
	2
	15
	
	
	428
	144
	6413
	
	H
	0.004910235
	Sandy clay

	17
	1.5
	7.9
	
	
	509
	128
	8452
	
	H
	0.006498038
	Sandy clay

	18
	0.6
	8.7
	
	
	254
	454
	11849
	
	A
	0.000028924
	Clay sandy

	19
	0.9
	2.1
	
	
	567
	361
	20114
	
	H
	0.00013494
	Clay sandy

	20
	0.6
	1
	
	
	241
	106
	666
	
	H
	0.009296132
	Sandy clay

	21
	0.9
	9.9
	
	
	264
	421
	1409
	
	H
	0.000050403
	Clay sandy

	22
	0.8
	2.3
	7.5
	
	91
	376
	125
	3846
	AH
	0.006739416
	Clay sandy

	23
	1.7
	1.5
	
	
	88
	74
	767
	
	H
	0.015723248
	Clay

	24
	0.8
	11
	
	
	429
	740
	19395
	
	A
	0.0000002.5406
	Clay sandy

	25
	0.9
	2.6
	
	
	440
	111
	13849
	
	H
	0.008528296
	Sandy clay

	26
	1
	2.7
	
	
	310
	58
	8376
	
	H
	0.020635846
	Clay

	27
	3.4
	4.1
	
	
	198
	272
	23169
	
	A
	0.000595035
	Sandy clay

	28
	1.6
	4.5
	
	
	411
	53
	1611
	
	H
	0.022308084
	Clay

	29
	1.5
	7.7
	
	
	344
	370
	6387
	
	A
	0.000117398
	Clay sandy

	30
	2.3
	4.5
	
	
	197
	212
	11113
	
	 A
	0.001608949
	Sandy clay

	31
	2.2
	6
	
	
	431
	156
	9233
	
	H
	0.004064642
	Sandy clay

	32
	1.6
	4.7
	
	
	725
	139
	8162
	
	H
	0.005414798
	Sandy clay

	33
	1
	5.7
	
	
	249
	185
	3640
	
	H
	0.002513172
	Clay

	34
	1
	2.4
	
	
	476
	65
	5179
	
	H
	0.018313961
	Clay

	35
	1.8
	3.3
	
	
	217
	186
	12618
	
	A
	0.002475952
	Sandy clay

	36
	1
	13
	
	
	334
	48.9
	350.9
	
	H
	0.023916756
	Clay

	37
	1.7
	8
	
	
	447
	38
	10044
	
	H
	0.028748969
	Clay

	38
	1.5
	3.7
	
	
	200
	36
	1645
	
	H
	0.029521762
	Clay

	39
	1.4
	9.2
	
	
	126
	570
	7463
	
	A
	0.000004241
	Clay sandy

	40
	1
	16
	
	
	140
	350
	1225
	
	H
	0.000162473
	Sandy clay

	41
	1.7
	37
	
	
	204
	559
	982
	
	H
	0.0000051152
	Clay sandy

	42
	0.9
	6.6
	
	
	124
	186
	8276
	
	A
	0.002471851
	Sandy clay

	43
	0.9
	6.9
	
	
	87
	216
	865
	
	A
	0.001495761
	Sandy clay

	44
	1
	19
	
	
	202
	534
	680
	
	A
	7.71653E-06
	Clay sandy

	45
	1.1
	3.7
	
	
	164
	63
	4105
	
	H
	0.01905734
	Clay

	46
	0.8
	1.4
	
	
	77
	36
	242
	
	H
	0.029570746
	Clay

	47
	2.7
	3.4
	
	
	95
	27
	257
	
	H
	0.034443103
	Clay

	48
	1
	9
	
	
	91
	49
	3617
	
	H
	0.023719322
	Clay

	49
	1.4
	4.9
	
	
	100
	41
	318
	
	H
	0.027444939
	Clay

	50
	1.3
	13
	
	
	59
	93
	3888
	
	A
	0.011608665
	Clay

	51
	1.3
	13
	
	
	70
	86
	935
	
	A
	0.012886717
	Clay

	52
	1
	10
	
	
	125
	104
	442
	
	H
	0.009641448
	Sandy clay

	53
	0.9
	4.7
	
	
	247
	53
	1014
	
	H
	0.022345099
	Clay

	54
	1.2
	3.1
	
	
	104
	49
	1264
	
	H
	0.023719322
	Clay

	55
	0.9
	3.9
	
	
	125
	50
	1665
	
	H
	0.023640806
	Clay

	56
	0.8
	5.4
	
	
	99
	55
	267
	
	H
	0.021544791
	Clay



The eastern part of the study area, with a recharge value of 225 mm/year, was classified as moderately vulnerable. In contrast, the western part, which covers the largest area and has a recharge value of 406 mm/year, was identified as the most vulnerable zone.
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Figure 6: Depth to Water Table Map of the Study Area
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Figure 7: Net Recharge Map of the Study Area
Aquifer Type (A)
Based on the interpreted Vertical Electrical Sounding (VES) data presented in Table 4, the geologic configuration of the aquifers consists of clay, sandy clay, and clayey sand. Among these, clayey sand exhibits the highest permeability, allowing greater water infiltration and, consequently, more contaminants to enter the aquifer. In contrast, clay, with its low permeability, restricts the movement of contaminants. The aquifer type map, illustrating these variations, is shown in Figure 8.
Soil Media (S)
The study area consists of three soil types: clay, sandy soil, and clayey sand, as depicted in Figure 9. The western part is characterized by clayey sand, which has a medium texture and high porosity, facilitating higher permeability. In contrast, the eastern part is dominated by clay, which is less permeable, reducing the infiltration rate. Areas with sandy clay exhibit moderate vulnerability. The central part of the study area, where all three dumpsites are located, is covered with sandy clay soil, which has moderate permeability.
Topography / Slope (T)
The western part of the study area features steep slopes ranging from 4.58° to 10.52°, resulting in high runoff and reduced water contact time, leading to lower infiltration and vulnerability. Conversely, the eastern part has gentler slopes ranging from 0° to 2.27°, allowing water to remain in contact with the surface for longer periods, increasing infiltration and vulnerability. Two of the dumpsites are situated on slopes of 2.27°–3.20°, while the third is located on a slope of 0°–2.70°. The slope of the area is categorized into four classes: 0°–2.27°, 2.27°–3.26°, 3.26°–5.80°, and 4.58°–10.52°. The slope map of the study area, ranging from 0° to 10.52°, is presented in Figure 10.
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Figure 8: Aquifer Type Map of the Study Area
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Figure 9: Soil Media Map of the Study Area
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Figure 10: Topography (Slope) Map of the Study Area
Impact of Vadose zone (I)
The vadose zone map of the study area is presented in Figure 11. The vadose zone materials include clay, sandy clay, clay-sandy, and sand. The eastern part of the area is predominantly composed of clay, which has a low potential for contaminant movement into the aquifer. In contrast, the northwestern and southwestern regions consist mainly of sand, which has high permeability, making it more susceptible to groundwater contamination. The central part of the area features a mix of clay-sand and sandy clay as vadose zone materials. Regarding the dumpsites, two are located in areas with clay-sand, while the third is situated within a sandy clay vadose zone. 
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Figure 11: Vadose Zone Map of the Study Area
Hydraulic conductivity (C)
The hydraulic conductivity values for each aquifer are presented in Table 4. The study area is classified into four hydraulic conductivity ranges: 0.0056–0.01 m/s, 0.011–0.015 m/s, and 0.016–0.019 m/s. The western part of the study area has the lowest hydraulic conductivity, making it less vulnerable to pollution. In contrast, the southeastern region exhibits higher hydraulic conductivity values (0.016–0.019 m/s), increasing its susceptibility to contaminants. The central part of the area shows a mix of high and low hydraulic conductivity values. The spatial distribution of hydraulic conductivity is illustrated in Figure 12.
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Figure 12: Hydraulic Conductivity Map of the Study Area.
Land Use Impact (L)
The land use map of the study area (Figure 13) is categorized into two classes: built-up areas and vegetation (forest and shrubs). The area is predominantly characterized by built-up zones, where waste generated from households and small factories significantly increases the potential contaminant load on groundwater. As a result, groundwater in the built-up regions of the study area is considered more vulnerable compared to areas covered by vegetation.
Composite Aquifer Vulnerability Map
The composite vulnerability map (Figure 14) delineates five vulnerability classes: very low, low, moderate, high, and very high. The map reveals that the central part of the study area is highly vulnerable to contamination, while the western part exhibits a very low vulnerability index. The eastern part shows low to moderate vulnerability values. 
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Figure 13: Land Use Map of the Study Area
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Figure 14: DRASTIC-L Vulnerability Map of the Study Area

Among the three dumpsites in the area, one is located in a high vulnerability zone, and the other two are situated in areas with very high vulnerability. The results indicate that 18% of the area falls under very high vulnerability, 16% under high vulnerability, 23% under moderate vulnerability, 22% under low vulnerability, and 21% under very low vulnerability (Figure 15).

Figure 15: DRASTIC-L Vulnerability Area Percentage
Validation of Model
The model was qualitatively validated by comparing the predicted vulnerability index values with the chemical properties of water samples collected from monitoring wells. Chemical parameters such as Lead, Manganese, and Zinc were not detected in the water samples, whereas Nitrate and Iron were present. Nitrate, as a key pollution indicator, was used to assess the evolution of groundwater quality and its changes over time (Twana et al., 2015). Specifically, Nitrate (NO₃⁻) was employed to validate the model's effectiveness. A summary of the results is presented in Table 5.
The prediction accuracy of the model was evaluated based on its ability to correctly identify low vulnerability areas corresponding to low Nitrate (NO₃⁻) concentrations and high vulnerability areas associated with high Nitrate concentrations in the water samples. The predicted Nitrate concentrations and the model's vulnerability predictions are detailed in Table 5. Groundwater quality was assessed using the World Health Organisation (2017) criteria, which sets the maximum allowable Nitrate concentration in drinking water at 50 mg/L (Low: < 25 mg/L, Medium: 26–49 mg/L, and High/Hazardous: > 50 mg/L). Accuracy was calculated using binary values, where True = 1 and False = 0. As shown in Figure 16, the DRASTIC-L model demonstrated a prediction efficiency of 72%, with 19 out of 25 samples tested for Nitrate concentration aligning with the model's predictions, while 6 did not. This indicates that the DRASTIC-L model is an effective tool for estimating aquifer vulnerability.
Table 5: DRASTIC-L Model Qualitative Validation Results
	Serial Number
	Well Number
	Nitrate )
Concentration(Mg/L)
	DRASTIC Model 
Predicted Vulnerability
	Accuracy (True=1, False=0)

	1
	1
	120
	High
	1

	2
	7
	40
	Low
	0

	3
	8
	23
	Low
	1

	4
	10
	80
	High
	1

	5
	11
	42
	High
	0

	6
	13
	19
	Low
	1

	7
	14
	20
	Low
	1

	8
	16
	18
	Low
	1

	9
	17
	23
	Low
	1

	10
	18
	22
	Low
	1

	11
	20
	24
	Low
	1

	12
	23
	80
	Low
	0

	13
	26
	31
	Moderate
	1

	14
	28
	106
	High
	1

	15
	29
	97
	High
	1

	16
	31
	29
	Moderate
	1

	17
	35
	111
	Low
	0

	18
	37
	92
	High
	1

	19
	38
	162
	High
	1

	20
	39
	30
	Moderate
	1

	21
	40
	178
	High
	1

	22
	41
	38
	Moderate
	1

	23
	42
	72
	Low
	0

	24
	43
	73
	Low
	0

	25
	45
	34
	Moderate
	1
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Figure 16: Validation of DRASTIC-L Groundwater Vulnerability Model with Nitrate Concentration (Mg/L)

Conclusion
In this study, a GIS-based modified DRASTIC model (DRASTIC-L) was employed to assess groundwater vulnerability in an area surrounding several dumpsites. This approach incorporated multiple parameters, including depth to the water table, recharge rate, aquifer media, soil media, topography, vadose zone impact, hydraulic conductivity, and land use, to classify groundwater vulnerability zones.
Using ArcGIS software, rated and weighted thematic layers were integrated within the GIS environment to compute aquifer vulnerability classes. The DRASTIC-L vulnerability map identified five vulnerability levels: very high, high, medium, low, and very low, with area distributions of 18%, 20%, 20%, 21%, and 21%, respectively. Two of the dumpsites are located in very high vulnerability zones, while the third is in a moderately vulnerable area.
Chemical analysis of groundwater near the dumpsites revealed that some wells still maintain fair water quality, while others exhibit poor water quality. The investigation showed that the wells are relatively far from the dumpsites, with the closest located approximately 50 meters away. This distance may explain why some contaminants were not detected in the sampled wells. Validation of the DRASTIC-L model, using Nitrate concentration data, demonstrated a 76% accuracy rate, confirming its effectiveness in groundwater vulnerability assessment. Given these findings, the implementation of proper waste and water management policies in the study area is essential.
Recommendations
The GIS-based DRASTIC-L model has proven to be a highly reliable tool for groundwater vulnerability mapping and can be successfully applied to similar studies with appropriate site-specific modifications. The findings of this study will be valuable for urban planners, developers, and decision-makers in designing safe waste disposal sites and managing groundwater resources.
To prevent further groundwater contamination, it is strongly recommended that the existing dumpsites be relocated to areas classified as having a very low vulnerability index before contaminants from the dumpsites fully migrate into the groundwater system.
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