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Abstract

The study aims to determine the aquifer characteristics of Gabasawa and its environs using multi-criteria decision analysis to provide
sufficient information on groundwater potential zones. Magnetic, elevation, and electromagnetic data were acquired using Magneto-meter
and Audio Magnetotelluric device. The acquired data were reduced and modelled using Surfer 25.0 and Oasis Montaj 8.4. Source Parameter
Imaging was used to calculate depth around the area. Deeper depths with values ranging from 42.0 to 120.1m were isolated for groundwater
exploitation. Slope was deduced from the elevation grid. Centre for Exploration and Target Analysis was used to obtain magnetic and
Elevation Lineaments. The lineaments were joined to form lineament intersections. Predominant lineaments were observed in North-East
and South-west locations; this showed a a tendency for surface water and groundwater accumulation. These lineaments and intersections
were transformed into lineament density grids. These lineament densities, coupled with source parameter imaging, elevation, and slope ,
were resampled and reclassified into thematic layers. Multi-criteria decision analysis was used to calculate the weight of each thematic
layer. The sum of the products of the thematic layer and their respective weight were obtained using the weight overlay menu of ArcGIS
10.8, leading to the development of groundwater potential zones map. The groundwater potential zones map was classified into five regions
of very high, high, moderate, low, and very low groundwater potential zones with area coverage of 0.4041km2, 2.1772 km2, 2.8962 km2,
1.9562 km2, and 0.0024 km2 , respectively. Electromagnetic data analysis revealed the area to be underlain by four lithological layers:
topsoil, silty sand, laterite, gravels, and sandstone, with the fourth layer inferred as the aquifer zone. The groundwater potential zones were
validated using existing hydrogeological data and aquifers delineated from interpreted Electromagnetic data. It was observed that 92.86%
of the plotted points and zones falls within regions ranging from very high to moderate groundwater potential zones.

Keywords: Aquifer; Groundwater Potential; Ground Magnetic, Elevation; Electromagnetic, Lineament; Slope; Source Parameter Imaging.

1. Introduction

Groundwater constitutes approximately 30-40% of world portable water source and necessary in providing water security, especially in
regions with limited or no surface water [1]. In sub-Saharan Africa regions, 75% of water used for domestic, agricultural, and industrial
purposes comes from groundwater [2]. In semi—arid regions like Nigeria, with unpredictable rainfall, high evaporation, and seasonal
surface water flow, which create high water scarcity, a reliable option is groundwater [3]. Nigeria's population is estimated to exceed 230
million people, with an increase rate of approximately 2.6% per annum; this imposes pressure on its water resources, with per capita
freshwater availability declining below the United Nations threshold for water security in northern states [4].

Locating groundwater in basement complex rock terrains is quite challenging [5]. In crystalline basement areas, groundwater is found in
weathered, fractured, faults, and joints, basically in discontinuous layers [6]. Basement complex rock terrains have highly heterogeneous
hydrogeological properties, indicating groundwater uncertainty [7]. Consequently, basement complex terrains have a very high rate of
borehole failure, with success rates as low as 40-60% in some parts of the Nigerian basement complex regions due to inadequate geophys-
ical characterization [8]. The economic and social costs of abortive boreholes are substantial, including financial losses, abandonment of
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community water projects, and perpetuation of water-related health risks and gender inequality as women and girls bear responsibility for
water collection from distant, often unsafe sources [9].

Gabasawa and its environs are a typical example of all these challenges. The area sits on the Northern Nigerian Basement Complex rocks
composed of migmatite gneiss, porphyritic granites, and older granite, younger metasediments, and volcanic rocks of the Precambrian [10].
The region falls within the semi-arid tropical climate characterized by mean annual rainfall ranging from 800-1000 mm between the
months of June and September, followed by an extended dry season of seven to nine months [11]. Mean annual temperatures range from
26°C to 33°C, with maximum exceeding 40°C during the hot season between March and May. Evapotranspiration rates typically exceed
precipitation for most of the year, creating a negative water balance that limits natural groundwater recharge and increases reliance on
stored groundwater resources [12]. The vegetation is tropical savannah, characterized by sparse shrub cover and isolated trees, with limited
organic matter to enhance soil infiltration capacity [13].

Recently, Gabasawa and its surrounding population are growing rapidly due to natural increase and rural - urban migration seeking eco-
nomic opportunities in Kano State's expanding agricultural and commercial sectors [14]. This demographic growth has intensified pressure
on existing water supply infrastructure. Most communities rely on hand-dug wells, seasonal ponds, and a limited number of boreholes,
many of which experience reduced yields or complete failure during the dry season [15]. The combination of unfavorable hydrogeological
conditions, limited technical capacity for groundwater exploration and insufficient financial resources for systematic geophysical investi-
gations has resulted in frequent borehole failures and persistent water insecurity [16].

Communities around the study area relied heavily on local knowledge, geological observations, and wildcat drilling in siting boreholes
rather than hydrogeological and geophysical characterization [17]. These approaches are unreliable and unrepeatable for sustainable
groundwater development at community scale. The absence of systematic geophysical investigations prior to drilling has been identified
as a primary factor contributing to the high rate of borehole failures in basement terrains across Nigeria [18]. Therefore, there is an urgent
need for a structured and evidence-based methodology that can characterize aquifer potential at multiple scales from regional reconnais-
sance to local-scale validation, to guide drilling [19].

2. Methods

2.1. Location and hydrogeology of the study area

The study area is located within Gabasawa Local Government Area of Kano State with an area coverage of approximately 8km? bounded
by latitude 8°53°24"'E to 8°54°58.20"'E and 12°10°22.8"'N to 12°11'55.33"'N with an elevation varying from 405.23m to 420.84m above
sea level. The area has an average temperature of 33°C and a wind speed of 10km/h [11]. Major towns include Sabon Garin Kumbo,
Kumbo, Mazangudu, Gabasawa and Walawa. The geology of the study area is underlain by basement complex rocks of Northern Nigeria
and sedimentary rock of the chad formation in the northeastern region of the state. The basement complex rock comprises of the older and
younger granite, migmatite-gneiss and schist [20]. Hydrogeologically, the occurrence of water-bearing zones and fractures in the area is
within the highly decomposed to partially weathered basement rocks and fractured basement rocks, and these are found at depths in excess
of 5 meters. The weathered and fractured basement rocks with a relatively thin overburden underlie the area surveyed [21].

2.2. Theoretical background

The magnetic method theories are categorized into data acquisition and data interpretation theories.
The Total Magnetic field Intensity (TMI) at a region [22] is given as

T = poH(1 - k) @

Where H is the magnetic field strength, k is the magnetic susceptibility, and pois the permeability.
T is subjected to polynomial fitting using the polynomial P(x, y) equation.

P(x,y) =a+bx +cy ()

Where a, b, and ¢ are constants obtained from fitting, and x and y are geographic coordinates
In this analysis, P(x, y) is taken as the Regional Magnetic Intensity (R) that is removed from T to obtain Residual Magnetic Intensity (RMI)

RMI =T —R 3)

The residual grid data were subjected to RTE using equation 1 in order to eliminate the effect of magnetic inclination in regions with low
latitude by centering the peaks of the magnetic anomalies on their source body using the relation in equation 4.

sin(I)—icos(I).cos(D—8)%x(—cos?(D-8)

L(e) = [sin21,+ cos?(1,).cos?(D-0)]x[sin2(I)+ cos?(I).cos?(D-0)] (4)
Where [ is geomagnetic Inclination, D is Geomagnetic Declination, Ia is Inclination for amplitude correction.
Developed by Telford et, al. [23] the SPI method is used to calculate depth for fresh basement complex rock [24] is given by
1
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The pairwise comparison between a set of criteria helps make multifaceted decision [25]. First, the thorny decision-making procedure
between primary parameters is transformed into a single level by a pairwise comparison matrix in equation [25]; [26].

dzi *° dzn
A= : 7
dn1  ** Ann
In this judgment matrix, the elements are: The geometric average of the criteria is express in equation 8 [25]; [26]
Gi
Wy = 5e ®)

Gi and W respectively represent the geometric average and eigenvalue of the judgement of the i™ row. The consistency of the normalized
criteria weight is assessed using equation 9 [27]

CI
(R==2 ©)

Where CR is the consistency ratio, CI is the consistency index, and Rl is the consistency ratio index. For a normalized weight to be deemed
consistent, the consistency ratio CR should be lower than 0.10 [25]: [27]
The consistency index CI is expressed in equation 10 as [27]

Cl = tmach (10)

n-1

Amax derived is the maximum eigenvalue of the judgment matrix
The groundwater Potential Zone (GWPZ) is calculated using equation 11 [28]

GWPZ = ¥i'(x; X i) amn
Where xi is the weight of each thematic layer, yi is the corresponding thematic or raster layer, and i and n is the number of thematic layers.

Surface electromagnetic waves are sent to the ground, and the propagation of electromagnetic waves in the earth and soil follows the
Maxwell equation. From the Maxwell equation, the resistivity can be deduced as [22]

_ Ko |E|?
T H| (12)
Where E is the electric field, H is the magnetic field, po is the permeability of free space, and angular frequency ® = 2xnf
The depth can be calculated using equation (13) given by [22]
2 |E
d=2H (13)

2.3. Magnetic and elevation data acquisition

GSM-19 Overhauser magnetometer was used in data acquisition for Total Magnetic Intensity (TMI) and Elevation Data across the study
area. The GSM-19 magnetometer was assembled and mounted on the researcher and subsequently on other field assistants. A base station
was established, and its reading was acquired. The first station TMI readings were continuously acquired by walking along the profile lines
one of length 500m and coming back along profile line two also of length 500m this was repeated along profile lines 3, 4, 5, 6, 7, 8, 9 and
10. Base station readings were taken at an interval of 60 minutes. The same procedure was repeated on stations 2, 3, 4, 5, 6, 7 and 8,
respectively. The TMI data obtained was downloaded from the device to a personal computer; the data was subjected to diurnal correction
using GEM-Link 5.4. The corrected data was uploaded and gridded in Surfer version 30.1.218, and a TMI grid was obtained which was
later transferred to the ArcGIS 10.8 environment and processed to obtain the TMI map of the area, as shown in Figure 4. The elevation
data was acquired in the same manner as magnetic data and was processed in the same way as the TMI data, and the elevation map obtained
is shown in Figure 5. The TMI grid obtained was filtered and modelled using Equations 2, 3, 4, 5 and 6. Regional — Residual, Reduce To
Equator (RTE), and Source Parameter Imaging (SPI) grids were generated. The magnetic lineament and elevation lineament were extracted
using the Centre for Exploration Target (CET) analysis menu in Oasis Montaj software. The lineaments obtained were intersected, and a
lineament intersection grid was obtained. The magnetic, elevation, and lineament intersections were transformed into density maps using
the spatial tool function of ArcGIS environment. The SPI, Magnetic Lineament Density (MLD), Elevation Lineament Density (ELD),
Lineament Intersection Density (LID), Elevation (E) and Slope (SL) grids obtained were resampled and reclassified. After reclassification,
six (6) thematic layer maps SPI, MLD, ELD, LID, E and SL were obtained.

2.4. Electromagnetic data acquisition method

The electromagnetic data acquisition was carried out using the TT electromagnetic probe of the ADMT-200S in the study area for fast data
acquisition. The device was turned on, and the sensor was connected to the device and placed on the marked point on the profile. The
measurement point is directly under the sensor. The placement direction of each measuring point on a survey line is consistent. The device
measures the potential difference in the range of 0200 mV with a 0.1 mV resolution. The sampling frequency is 1 Hz to 8 kHz, offering
a sampling depth of about 200m [29].

To start the measurements, 10 profile lines GRWT 1 to GRWT 10 of length 64m. The ADMT smart receiver was connected to the electro-
magnetic probe via a cable, and the probe was placed on the marked point along the profile line GRWT 1; the first sampling data was
acquired after 2 minutes. The sensor was then moved 8m to the second marked point along the profile, and the sampling data was acquired.
The same procedure was repeated at marked points 3, 4, 5, 6, 7 until the 8 sampling data was collected along GRWT 1. This procedure
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was repeated on profile lines GRWT 2 to GRWT 10. The sampling data acquired were inverted using an inbuilt software of the ADMT-
200s.

2.5. Analytic hierarchy process (AHP) method
Adopted in this research work is the AHP using Multi-criteria Decision Analysis (MDCA); the pairwise matrix was generated using factors
(criteria) SPI, MLD, ELD, LID, E and SL. With an expert opinion established by [25]. Using the factors listed, a pairwise matrix was

generated in accordance to their importance relative to one another, as shown in Table 2.

Table 1: Pairwise Matrix

Factor SPI MLD ELD LID E SL
SPI 1.00 5.00 3.00 7.00 9.00 7.00
MLD 0.20 1.00 5.00 5.00 9.00 5.00
ELD 0.20 0.20 1.00 0.33 0.50 5.00
LID 0.20 0.20 3.00 1.00 9.00 3.00
E 0.20 0.20 3.00 0.11 1.00 3.00
SL 0.20 0.20 3.00 1.00 0.33 1.00
SUM 2.00 6.80 18.00 14.44 28.50 24.00

Table 2: Normalized Pairwise Matrix Showing the Weight, Consistency Index, Random Consistency Index and Consistency Ratio

Normalization SPI MLD ELD LID E SL Average Lambda CI RCI CR
SPI 0.50 0.74 0.17 0.48 0.32 0.29 0.42 9.21 0.13 1.24 0.10
MLD 0.10 0.15 0.28 0.35 0.32 0.21 0.24 9.33
ELD 0.10 0.03 0.06 0.02 0.02 0.21 0.05 4.01
LID 0.10 0.03 0.17 0.07 0.32 0.13 0.14 9.09
E 0.10 0.03 0.17 0.01 0.04 0.13 0.07 8.49
SL 0.10 0.03 0.17 0.07 0.01 0.04 0.08 6.63
SUM 1.00 1.00 1.00 1.00 1.01 1.00 1.00 9.21

The pairwise matrix comparison was normalized using equation 8 as shown in Table 3; the Random Index (RI) given in [30] used to
calculate the Consistency Index (CI). The Consistency Ratio (CR), Consistency Index (CI), and maximum eigenvalues of the judgment
matrix shown in Table 3 were calculated using equations 9, 10, and 11. The groundwater Potential Map (GWPM) was generated by mul-
tiplying thematic layers with their respective weighted values, the products were summed up using the Raster Calculator menu in ArcGIS
Environment.

3. Results and Discussions

3.1. TMI grid and elevation

Figure 1(a) shows the TMI map of the study area, the map shows variations in magnetic susceptibility across the area. The variation in
magnetic strength ranges from 19484.6nT to 35694.1nT across the area. Low magnetic intensity ranging from 19484.6nT — 31411.2nT
were observed in the Northeastern, Southeastern and Southwestern regions. High magnetic anomalies ranging from 33950.8 nT to 35694.1
nT were observed in the aforementioned regions. These changes in magnetic intensity give rise to discontinuities in the rocks that result in
lineaments, faults, and fractures, which are good factors for groundwater accumulation.
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Fig. 1: (A) Total Magnetic Intensity Map of the Area (B) Elevation Map of the Area.

Figure 1(b) shows the study area elevation map; the map shows the areas of peaks and depressions above sea level. The region is categories
in to three (3); the peak regions, Moderate depressions regions and high depression regions with value ranging from 417.3m to 420.3m
above sea level in the NE, NW and SW part in the area, with value range of 416.9m to 417.3m above sea level in the NE, North, West SE,
SW, and with value range of 414.7m to 416.8m above sea level in the NE, North, West SE, and SW respectively. These values indicate
that surface water moves toward high depression regions.
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3.2. Residualisation

Regional residual separation results were obtained using Equations 2 and 3. The regional — residual data obtained were gridded, and their
respective maps were obtained as shown in Figure 2(a) and 2(b). The regional map shows the trends in magnetic anomalies to be from NW
to SE around the areas. The residual map shows variation in the magnetic intensity around the study area. High magnetic intensity was
observed to trend from north to south, other areas were seen in the NE, SE, and SW, with intensity values ranging from 1795.8nT to
4897.1nT. Intermediate to low intensities were spatially distributed in the NE, NW, SE, and SW regions with a value range of -11240nT
to 1255.9nT. This change in magnetic intensity inferred the heterogeneous nature of the rocks in the region. This heterogeneous type of

formation may aid groundwater accumulation.
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Fig. 2: (A) Regional Map of the Area (B) Residual Map of the Area.
3.3. Reduction to the equator (RTE)

Figure 3 indicates the RTE map of the study area, which shows the variation in magnetic intensity. High magnetic intensity was observed
in the North, South, and in the NE, SE, and SW regions, with a value range of 1094.6nT to 4130.3nT. Intermediate to low magnetic intensity
value of range -8102.6nT to 948.2nT were observed in the NE, SE, NW and SW regions of the RTE map. This discontinuity in the rock's
magnetic anomalies gives rise to lineaments that aid groundwater accumulation.
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Fig. 3: Reduced to the Equator Map of the Area.
3.4. Magnetic lineaments and thematic magnetic lineament density layer
In Figure 4(a), the lineament were observed to be more predominant in the NE and SW regions, with few in the SE zone of the area. This

shows that the general trend in the lineament is in the NE to SW direction. This lineament of the rocks around the area are inferred as
fracture and weathered rock that serves as groundwater accumulation zones.
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Figure 4(b) show thematic magnetic lineament density of the study area. The lineament density is reclassified into five classes; each class
is assigned a specific color and a number from 1 to 5. The classes ranges from very low (very low lineament density) to very high potential
(very high lineament density). Classes 2, 3, and 4 are for low lineament density, moderate lineament density, and high lineament density,
respectively. This thematic was assigned a weight of 24% in groundwater potential of the study area as shown in Table 4.

Table 3: List of Factors, Class, Rating and Weights

Factor

Class

Rating

Weight (%)

SPI

MLD

ELD

LID

SL

12.6734 - 32.0749
32.0749 - 61.1613
61.1613 - 105.9096
105.9096 - 217.7804
217.7804 - 557.8676
0-121.3185

121.3185 - 388.2192
388.2192 - 703.6473
703.6473 - 1,124.2181
1,124.2181 - 2,062.4146
0-138.9148

138.91481 - 396.8995
396.8995 - 635.0392
635.03915 - 906.2538
906.2538 - 1,686.8228
0-556.7380859
556.7381 - 1,113.4762
1,113.4762 - 1,670.2143
1,670.2143 - 2,226.9523
2,226.9523 - 2,783.6904
410.1186 - 414.5757
414.5757 - 416.4329
416.4329 - 417.9716
417.9716 - 419.6165
419.6165 - 423.6492
0.0005 - 0.4260

0.4260 - 1.3303

1.3303 - 2.7666

2.7666 - 5.2667

5.2667 - 13.5650

P NNWREARUFRLNWRARUNMUEREWND—~,OUNURWND~R,OUVRWNDFOVR WD~

42

24

14

3.5. Elevation lineaments and thematic elevation lineament density map

The elevation lineaments in Figure 5(a) were extracted from the hillshade raster grid. The lineaments were also observed to trend from NE
to SW of the study area. This indicates that surface water mostly flows through these regions and may serve as a good aquifer recharge

zone.
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Fig. 5: (A) Elevation Lineaments Map of the Area (B) Thematic Elevation Li
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Figure 5(b) shows the thematic layer of the lineament density of the elevation of the study area. The area was classified in five classes
ranging from one (1) very low (very lineament density) to (5) very high (very high lineament density). Classes 2, 3, and 4 stand for low,
moderate, and high lineament density. A weight of 5% was assigned to the elevation lineament density thematic layer in groundwater
potential of the area as in Table 4.

3.6. Lineament intersections and thematic lineament intersection density layer
The lineament intersection map shown in Figure 6(a) indicates that there was an intersection of magnetic and elevation lineaments in the

NE, NW, SE, and SW regions of the study area. It is inferred that areas with high lineament intersection may have high groundwater
potential.
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Fig. 6: (A) Lineament Intersection Map of the Area (B) Thematic Lineament Intersection Density Layer Map of the Area.

Figure 6(b) shows the thematic layer of lineament intersection density of the study area. The layer is classified in five classes ranging from
I(very low lineament intersection density) to 5 (very high lineament intersection density). Classes assigned 2, 3, and 4 fall within low,
moderate, and high lineament intersection density. Thematic layer of the lineament intersection density is assigned a weight value of 14%
in the groundwater potential of the study area, as shown in Table 4.

3.7. Source parameter imaging (SPI) and thematic SPI layer

Figure 7(a) is the SPI map of the study area; this map shows the depth to the magnetic source body in the area. The area depth is categorized
into three (3) regions: deeper depth source, intermediate source, and shallow source region. The deeper depth region of depth value ranging
from 42.0m to 120.1m were observed NE, SE, NW and SW. Intermediate depth regions with values ranging from 39.7m to 17.3m were
observed around the deeper depth. Shallow depth regions were observed in the NE, NW, SE, and SW parts with values ranging from 16.4m
to 10.1m. The deeper regions are presumed to be area of high groundwater potential zones show in Table 4.
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Fig. 7: (A) Source Parameter Imaging Map of the Area (B) Thematic SPI Layer Map of the Area.

Figure 7(b) shows the thematic layer of the SPI depths to the source rock; the depths are classified into five (5) regions, and each region is
assigned a number from 1 to 5, as in Table 5. The first number (1) stand for very shallow depth of value ranging from 12.6743m to
32.0749m. The second number (2) is for shallow depth of value range 32.0749m to 61.1613m, the third number (3) indicates moderate
depth of value range 61.1613m to 105.9096m, the forth number (4) stand for deeper depth with value range of 105.9096m to 217.7803m,
and the fifth number stands for deepest depth with depth ranging from 217.7803m to 557.8675m. The thematic layer is assigned a weight
of 42% (Table 4), and Table 5 shows the significance of depth in groundwater exploration.
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Table 4: Aquifer Depths from Isolated Profiles Lines on the Thematic SPI Layer

SN Profile Line Longitude (°N) Latitude (°E) DEPTH TO AQUIFER (m)
1 GRWT 1 8.891697 12.1973 65
2 GRWT 2 8.911164 12.19766 60
3 GRWT 3 8.891133 12.1903 30
4 GRWT 4 8.899871 12.19022 200
5 GRWT 5 8.912854 12.18801 120
6 GRWT 6 8.895312 12.18796 75
7 GRWT 7 8.892288 12.18469 140
8 GRWT 8 8.906051 12.18446 125
9 GRWT 9 8.913886 12.18456 200
10 GRWT 10 8.892422 12.17602 50

3.8. Thematic elevation layer and thematic slope layer

Figure 8 (a) show the elevation thematic layer map of the study area, which were classify in to five classes. Class 1 is of very low elevation
and class 5 is of very high elevation; classes 2, 3 and 4 are of low, moderate, and high elevation, respectively. This thematic layer is
assigned a weight value of 7% in the groundwater potential of the study area, as shown in Table 4.
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Fig. 8: (A) Thematic Elevation Layer Map of the Area. (B) Thematic Slope Layer Map of the Area

Figure 8 (b) shows the thematic layer of the slope of the area under study. The layer is categories in to five (5) classes numbered from 5 to
1, as shown in Table 4. The numbers 5, 4, 3, 2, and 1 were classified into regions of very high, high, moderate, low, and very low potential,
respectively; these regions are inferred as favorable depression zones for surface water accumulation and serves as aquifer recharge zones.
The thematic layer of the slope is denoted by a weight of 8% in groundwater potential.

Electromagnetic Data GRWT 1 shown in Figure 9(a) indicate a varying resistivity along the vertical and lateral distance along the profile
line. The profile shows the different lithological layers around the profile.

A’ DA .= g il
Fig. 9: (a) Typical Electromagnetic Result Pseudo-Section of GRWT]1 and (b) Typical Electromagnetic Result Pseudo-Section of GRWT 2.

Four (4) layers of varying resistivity and thickness were identified around GRWT 1; topsoil which composed of silty sand followed by
laterite as the second layer, the third layer composed of gravel and the forth layer is composed of sand stone of resistivity 0.03Qm to
0.05Qm, 0.7Q to 0.8Qm, 0.04Qm to 0.050Qm and 0.1Qm to 0.14Qm respectively. GRWT 2 in Figure 9(b) is predicted to have four (4)
lithological layers; topsoil (silty sand), laterite, gravel and sandstone with resistivity range of 0.65Qm to 0.81Qm, 0.81Qm to 0.97Qm, and
0.330Qm to 0.490m respectively. GRWT 3 in Figure 9(c) is identified to have four (4) layers; the first layer is composed of silty sand
(topsoil) with resistivity of 0.10Qm to 0.15€Q, the second layer is composed of laterite with resistivity 0.15Qm to 0.18Qm, the third layer
is composed of gravels with resistivity value of 0.03Qm to 0.06Q2m and the last layer is composed of sandstone with resistivity of 0.18Qm
to 0.19Qm.
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Fig. 9: (C) Typical Electromagnetic Result Pseudo-Section of GRWT3 and (D) Typical Electromagnetic Result Pseudo-Section of GRWT 4.

GRWT 4 in Figure 9(d) consists of four (4) layers. The first layer is composed of silty sand (topsoil), the second layer is composed of
laterite, the third layer is made up of gravel, and the fourth layer is composed of sandstone with resistivity values ranging from 0.06 m to
0.12Qm, 0.08Qm to 0.13Qm, 0.01Qm0.04 m,.04Qm and 0.13Qm to 0.150Qm. GRWT 5 in Figure 9(e) shows five variation in the litho-
logical layers of the profile. The topsoil composed of silty sand is the first layer with resistivity value range of 0.09Qm to 0.15Qm, the

second layer composed of laterite with resistivity of 0.15Qm to 0.20Qm, the third layer is composed of 0.04Qm to 0.11Qm and the forth
layer is composed of sandstone of resistivity 0.17Qm to 0.21Qm.
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Fig. 9: (E) Typical Electromagnetic Result Pseudo-Section of GRWT 5 and (F) Typical Electromagnetic Result Pseudo-Section of GRWT 6.

GRWT 6 shown in Figure 9(f) is decomposed into four layers. These layer were identified as silty sand (topsoil), laterite (second layer),

gravel (third layer), and sandstone (fourth layer) with resistivity value of 0.10Qm to 0.15Qm, 0.07Qm to 0.13Qm, 0.03Qm to 0.07Qm and
0.15Qm to 0.16Q2m respectively.
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Fig. 9: (g) Typical Electromagnetic Result Pseudo-Section of GRWT 7 and (H) Typical Electromagnetic Result Pseudo-Section of GRWT 8.

Figure 9(g) shows the profile line of GRWT 7. Four layers were identified in this profile, the first layer identified is the top soil composed
of silty sand with resistivity of 0.13Qm to 0.17Qm. the second layer is inferred as laterite with value range of 0.15Qm to 0.23Qm, the third
layer is composed of gravel with resistivity of 0.03Qm to 0.09Qm. the last layer with resistivity value of 0.23Qm to 0.262m is composed
of sandstone. Figure 9(h) shows a profile line of GRWT 8, which is identified as having four layers. The first layer is the topsoil (silty
sand) with resistivity of 0.07Qm to 0.09Qm. The second layer is laterite with resistivity of 0.09Qm to 0.13Qm, the third layer is composed
of gravels with resistivity of 0.02Qm to 0.05Qm and thefourthh layer is composed of sandstone with resistivity of 0.13Qm to 0.14Qm.
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Fig. 9: (I) Typical Electromagnetic Result Pseudo-Section of GRWT 9 and (J) Typical Electromagnetic Result Pseudo-Section of GRWT 10.

GRWT 9 is presented in Figure 9(i) with profile line identified to have four layers. The layer identified as topsoil that is composed of silty
sand with a resistivity of 0.07Qm to 0.12Qm. The second layer is composed of lateritwith a h resistivity value of 0.12Qm to 0.17 m; the
third layer is composed of gravels with a resistivity of 0.03 m.03Qm to 0.07 m; and the forth layer is composed of sandstone with a
resistivity value of 0.17Qm to 0.18Qm. GRWT 10 shown in Figure 9(j) shows the lithological layers around the profile line. The profile
line is identified to have four layers; topsoil (silty sand), laterite, gravels and sandstone with resistivity values range of 0.21Qm to 0.36Qm,
0.18Qm to 0.31Qm, 0.09Qm to 0.15Qm and 0.33Qm to 0.390Qm. Summary of the results;is in Table 9; it shows variations in resistivity,
lithological layers, and their thicknesses.

Table 5: List of Profile Location, Resistivity, Lithologies and Thickness

Resistivity ((2m) Layers
. . . 7 .

Profile Lines Longitude (°N) Latitude (°E) SS;llg Sand (Top- Laterite Gravels Sandstone
GRWT 1 8.891697 12.1973 0.03 - 0.05 0.07 —0.08 0.04 —0.05 0.10-0.14
GRWT 2 8.911164 12.19766 0.65-0.81 0.81-0.97 0.33-0.49 097-1.14
GRWT 3 8.891133 12.1903 0.10-0.15 0.15-0.18 0.03 - 0.06 0.18-0.19
GRWT 4 8.899871 12.19022 0.06 —0.12 0.08-0.13 0.01 —0.04 0.13-0.15
GRWT 5 8.912854 12.18801 0.09-0.15 0.15-0.20 0.04-0.11 0.17-0.21
GRWT 6 8.895312 12.18796 0.10-0.15 0.07-0.13 0.03 -0.07 0.15-0.16
GRWT 7 8.892288 12.18469 0.13-0.17 0.15-0.23 0.03 -0.09 0.23-0.26
GRWT 8 8.906051 12.18446 0.07 - 0.09 0.09-0.13 0.02 -0.05 0.13-0.14
GRWT 9 8.913886 12.18456 0.07-0.12 0.12-0.17 0.03 -0.07 0.13-0.18
GRWT 10 8.892422 12.17602 0.21 -0.36 0.18-0.21 0.09-0.15 0.33-0.39
Thickness (m) 0-5 5-170 30-200 > 30

3.9. GWPZ of the study area

Weight overlay analysis was adopted to isolate groundwater potential zones around Gabasawa and its environs using the relative importance
of the six (6) thematic layers and their subclasses. The weight allocated to each thematic layer in Table 4 is multiplied by the subclasses
and subsequently summed, which gives rise to the groundwater potential zones map of the area. The GWPZ is categorized into five (5)
classes. Each class is assigned a color and a number from 1-5; each class number stands for Very Low, Low, Moderate, High, and Very
High potential, respectively.
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Fig. 10: Groundwater Potential Map of the Area.
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Table 6: Map Area and Percentage of GWPZ of the Study Area

Class Longitude Latitude Categories Area (Km?) Aquifer Area Coverage (%)
1 8.901452 12.18004 Very Low 0.002430041 0.032691
2 8.902597 12.18698 Low 1956188053 26.31629
3 8.90397 12.18569 Moderate 2.896154582 38.96152
4 8.904628 12.18507 High 2.1771694 29.28912
5 8.904738 12.18486 Very High 0.401430049 5.400376

Table 8 shows the results obtained from the GWPZ map of the study area; the results show the categories of the regions according to theory
degree of potential (very high, high, moderate, low, and very low groundwater potential).

The results from the 10 profile lines shown in Table 10 revealed the area to consist of 4 layers (Figure 11); 1) silty sand with thickness of
0 — 5m, this layer is composed of dark loose sand and clay sand good for agricultural purposes, 2) laterite with thickness of Sm — 170m, 3)
gravel with thickness of 30 — 200m, this have the favourable factors (low resistivity, porosity and appreciable depth is inferred as the
aquiferous zone, 4) sand stone with thickness of atleast 30m (=30), this layer is of high resistivity due to lack of factors influencing resis-
tivity.

Lithology Layers’
g S

Silty Sand (T opsoil)

Laterite

Gravels

Sandstone

Fig. 11: Lithological Layers.

Table 7: Resistivity and Thickness of the Lithological Layers Around the Study Area

Layer Materials Resistivity (Qm) Thickness (m)
1 Silty Sand (Topsoil) 0.03 -0.81 0-5

2 Laterite 0.07 -0.97 5-10

3 Gravels 0.02 -0.49 30-200

4 Sandstone 0.10-1.14 > 30

4. Discussion

The results from the interpretation and analysis of magnetic and elevation data are important factors in the groundwater investigation of
the study area. The TMI, residual, and RTE maps of the area show a striking resemblance and are observed to have high magnetic anomalies
of values ranging from 33950.8 nT to 35694.1 nT, 1795.8 nT to 4897.1 nT, and -11240.0 nT to 1255.9 nT, respectively, in the NE, SE, and
SW regions of the area. Intermediate to low anomaly zones with a value range of 19484.6 nT to 31411.2 nT, -11240.0 nT to 1255.9 nT,
and -8102.6 nT to 948.2 nT are seen around the NE, SE, and SW regions of the study area. These sudden changes or discontinuities in the
magnetic intensity in the geological formation give rise to lineaments (faults/fractures) or regions of peaks and depressions. These regions
with appreciable lineaments (faults/fractures) and favorable depressions observed in the NE and SW of the area are inferred as regions of
high groundwater potential. The presence of predominant lineaments at the NE and SW locations showed a tendency for surface water
accumulation and groundwater storage. The SPI results was observed to three categories of depth; the deeper depth region with depth value
ranging from 42.0m to 120.1m, intermediate depth of value range 17.3 to 39.6m and shallow depth with depth range 10.3m to 16.4m.
Deeper depth regions are inferred as regions of high groundwater potential due to unbalanced forces explained by Bernoulli’s principle
[31]. These regions were observed in the NE, SE, NW, and SW areas; intermediate depth areas are viewed around the deeper depth regions,
while shallow depth areas were also observed in the NE, SE, NW, and SW regions of the study area and are isolated for groundwater
exploration as shown in Table 7. The surface water was observed to flow toward the NE, SE, and SW areas of the study area due to a low
elevation of 410.1186m to 416.4329m above sea level and a gentle slope of 0.0004715%to 1.3303°; these regions are inferred as surface
water accumulation zones. Regions indicated in Table 7 were subjected to further investigation using the electromagnetic method. The
results from the electromagnetic data showed that the area is underlain by four lithological layers. The first layer, with resistivity values
ranging from 0.03Qm to 0.81Qm and a thickness varies between 0 and 5 m is inferred as topsoil composed of silty sand. The layer is
observed to be loose soil, which allows easy water penetration. The second layer composed of laterite, with resistivity value of 0.07 Qm to
0.97 Qm and thickness ranging from a depth of 5m to 10m. The third layer is composed of gravel with resistivity range of 0.70 Qm to 0.49
Qm and thickness range of 30 m to 200 m. this layer with low resistivity, appreciable thickness and porosity is inferred to be an aquiferous
layer. The fourth layer with resistivity value range of 0.10 Qm to 1.14 Qm and thickness of at least 30 m (> 30 m) composed of sand stone,
this layer is of high resistivity due to lack of factors influencing resistivity, the layer serves as a barrier and aid groundwater accumulation.
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Very High potential zones are characterized by appreciable depth and fracturing coupled with gentle slope and elevation, which aid surface
water and groundwater accumulation. Area of very high groundwater covers of to 0.4014km?, which is about 5% of the total area. High
groundwater potential also shows good factor (favorable depth, fractures, gentle slope, and elevation) for groundwater accumulation. The
region has an area coverage of 2.1772km?, which is approximately 29.2891% of the total area. The area of moderate potential has a coverage
of 2.8962km? which about 38.9615% of the area coverage, this area also has favorable groundwater accumulation factors. Low potential
area covering 1.9562km? that contributed 26.3163% lack appreciable factor for groundwater accumulation. Very low potential region
covering an area of 0.0024km? that is about 0.0327% lacks good factors for groundwater accumulation as shown in Table 8. The results in
this work are consistent with the prediction of [32]: [33]

5. Validation of Groundwater Potential Zone Map

Validation of the GWPZ map was made by plotting the coordinates of the existing borehole, open-well and aquifer delineated from EM
analysis to affirm the potentiality of the isolated regions. However, 66.67% of the open wells are within the regions of moderate potential,
16.67% is within the very high potential region and 16.67% is within the high potential region. 16.67% and 33.33% of the boreholes fall
within very high to high potential, respectively, while 33.33% and 16.67% of the boreholes are within the moderate and low groundwater
potential, respectively. 100% of the ten (10) isolated aquifers from the EM analysis (GRWT 1 to GRWT 10) fall within very high to high
groundwater potential zones. In comparison to the deductions of [34]: [35]. This indicates a very high level of accuracy in the prediction
of GWPZ. This high percentage of agreement may be a result of contributions from the SPI, lineaments, and the Lineament Intersection,
which have not been integrated in previous works.

6. Conclusions

The results from surface magnetic, elevation, electromagnetic, and hydrogeological data shown in this paper indicate that the variation in
the magnetic and elevation anomalies presents an undulating topography with high values in the NE, SE, and SW regions, with patches of
lower anomalies in the same regions as in high anomalies. This discontinuities in rock anomalies and surface topography give rise to
lineaments, fractures and faults observed to be predominant in the NE and SW locations which have high tendency for groundwater accu-
mulation. The results SPI map concludes that there exist regions of high, intermediate and shallow depths of 42.0m to 120.1m, 17.3m to
39.6m and 10.3m to 16.4m respectively. By comparing the lineaments and the SPI maps, it is potent to say that the deeper and intermediate
regions of the area are of high groundwater potential. AHP using the MCDA process was applied to SPI, magnetic lineaments density,
elevation lineament density, lineaments intersection density, elevation and slope thematic layer maps to calculate the weight for each
thematic layer; the weight overlay analysis function in ArcGIS was use to multiply the weight of the thematic layer by the subclass of the
respective thematic layer. The products obtained were summed up, and the GWPZ map was obtained. The GWPZ map show that very high
potential has an area coverage of 0.4041 km? (5%), high potential has an area coverage of 2.1772 km?(29.29%), moderate potential has an
area coverage of 2.8962 km? (38.9615%), low potential has an area coverage of 1.9562 km? (26.3163%) regions of very low potential
covers an area of 0.0024 km? (0.0327%). Borehole, open-well, and EM data were acquired and used for GWPZ validation. The EM data
were interpreted and analyzed, from the analysis, four lithological layers were delineated with varying resistivities and thicknesses around
the area. The third layer composed of gravels is inferred as aquifer with high ground water potentiality. The aquifer zones delineated were
georeferenced and plotted on the GWPZ map together with the borehole and open well. The plotted points show that 92.86% of the points
fall within the very high to moderate groundwater potential zone on the GWPZ map.
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  T =  μ 0 H ( 1 − k )


  P  ( x , y ) = a + bx + cy


  RMI = T − R


  L  ( θ ) =      sin ⁡   ( I ) − icos  ( I ) . cos ⁡    ( D − θ ) 2 x ( −  cos 2 ( D − θ )   [  sin 2  I a +    cos 2  (  I a ) .    cos 2  ( D − θ ) ] x  [  sin 2 ( I ) +    cos 2 ( I ) .    cos 2  ( D − θ ) ]


  D =  1      (   ∂ T  ∂ x ) 2 +    (   ∂ T  ∂ y ) 2


  θ = arctan     ∂ T  ∂ z      (   ∂ T  ∂ x ) 2 +    (   ∂ T  ∂ y ) 2


  A =  [     a  2 i  ⋯   a  2 n   ⋮  ⋱  ⋮    a  n 1  ⋯   a nn ]


   W n =    G i    ∑  i − 1 n   G i


  CR =  CI RI


  CI =    λ max − n  n − 1


  GWPZ =   ∑ i n  (  x i   ×  y i )


  ρ =    μ 0 ω    |  E H | 2


  d =  2 ω  |  E H |

