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Abstract 

In the Campo region, groundwater is critical for human consumption and social activity. 

Groundwater potential is influenced by a region's geological, geophysical, and hydrogeological 

factors. The major goals of this research are to determine which regions are ideal for productive 

groundwater drilling and to assess the source of salinity in the study area's coastal aquifers. The 

groundwater potential map was created using Geographic Information Systems (GIS) and the 

Hierarchical Analysis Process (AHP). The process of groundwater mineralization was studied 

using principal component analysis (PCA). Six variables were taken into account, and weights 

were assigned to them based on their impact on groundwater recharge. In a GIS environment, 

spatial integration and a combination of theme layers were conducted. Campo's groundwater 

potential map was divided into four zones: low 14.4% (389.6 km²), moderate 53.3 % (1484.5 

km²), high 28.3% (783.3 km²), and extremely high 4.1% (110.9 km²). The results of the PCA 

reveal a mechanism of water-rock interaction, as a result of geological alteration and a 

salinization process caused by the intrusion of seawater and human activity The source of 

salinity in groundwater is manmade (agricultural and residential activities) rather than seawater 

intrusion. Seawater infiltration is not greatly aided by the low lineament density found near the 

beaches. 
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Introduction 

Drinking water is a basic requirement for the people of southern Cameroon, and its lack poses 

a major threat to the health of both urban and rural residents. Cameroon's state business in 

charge of drinking water distribution is having huge challenges supplying the population with 

clean water. The primary cause is a scarcity of financial and human resources. To deal with this 

pressing issue, the people of Cameroon's Campo region, located in the south, rely on surface 

and subsurface water for the household, agricultural, and industrial needs. The importance of 

groundwater is crucial, as it is the primary source of supplies for the Campo region's residents. 

Groundwater has become an important supply of water, and many studies have been conducted 

on it around the world (Arefin, 2020; Murmu et al., 2019; Singh et al., 2018). The current 

research focuses on the identification of possible groundwater resources as well as the impact 

of the sea and human activities on salinity in coastal aquifers in the Campo region. In coastal 

places, shallow aquifers are subjected to a lot of saltwater intrusion (Dhakate et al., 2016). The 

salinity of groundwater in coastal locations is increasing as sea levels rise due to global warming 

(Aretouyap et al., 2020). Water salinity is influenced by human activity, natural occurrences, 

and the geological nature of the land (Masoud et al., 2018; Dhakate et al., 2016). In a coastal 

zone, high amounts of salt in groundwater have negative repercussions for residents, 

agricultural, and industrial activity (Hounsinou, 2020). To better understand the geological 

features of southern Cameroon, numerous geophysical and geological research have been 

conducted (Aretouyap et al., 2020; Joseph Martial et al., 2019; Nguiya et al., 2019). These 

studies have permitted the detection of aquifers and the discovery of geoelectric sections (José 

et al., 2021; Tepoule, Kenfack et al., 2021). During the wet season, the intense and uncontrolled 

use of agricultural inputs and manures hurts groundwater quality. Understanding the processes 

and conditions that influence groundwater quality is critical for sustainable water resource 
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management (Enyegue A Nyam et al., 2020; S. Kumar & Sangeetha, 2020; Abbasnia et al., 

2019; Beyene et al., 2019). (Tsaffo Mbognou et al., 2021; Tepoule et al., 2021; Arétouyap et 

al., 2018; Teikeu Assatse et al., 2016a) demonstrate that little study has been done in Cameroon 

to quantify freshwater potential using geospatial methodologies. The Kribi-Campo region 

lineaments have previously been researched to better understand spatial changes, hearing, and 

its impact on seawater intrusion into groundwater (Aretouyap et al, 2020). To designate possible 

groundwater zones from conventional and remote sensing data, numerous characteristics that 

influence groundwater recharge were taken into account for this study. To find appropriate 

groundwater locations, much recent research has incorporated Analytical Hierarchy Process 

(AHP), Geographic Information System (GIS), and remote sensing approaches (Arunbose et 

al., 2021; Ajay Kumar et al., 2020; Kulandaisamy et al., 2020). AHP is a multi-criteria decision-

making methodology (Saaty, 1990) that is frequently used to assess groundwater potential 

locations (Dar et al., 2020; Saranya & Saravanan, 2020; Das, 2019; Muralitharan & Palanivel, 

2015; T. Kumar et al., 2014). To explain the origins of groundwater mineralization, several 

researchers have relied heavily on physicochemical factors (Enyegue A Nyam et al., 2020; 

Bodrud-Doza et al., 2016; Dewandel et al., 2006). Principal component analysis (PCA), which 

is a type of multivariate statistical analysis, is to be effective in identifying and understanding 

the sources of salinity in groundwater and soils. (Marín Celestino et al., 2018; Masoud et al., 

2018; Muangthong & Shrestha, 2015). The study's main goals are to map the favourable areas 

for sitting productive boreholes using GIS and AHP and use PCA to understand the process and 

mechanism related to the origin of salinity in the study area's aquifers. The research will aid in 

planning, health protection for residents, and long-term freshwater management in the Campo 

area, as well as conservation of this vital resource.  

2. Study area. 

Campo district is located in Cameroon's southern area, between latitudes 2°22' and 2°73' and 

longitudes 9°80' and 10°61', at an elevation of 7 to 518 meters above the geoid. The Campo 
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region is a coastal area with a land area of approximately 2769.7 km² (Fig. 1). The research area 

is surrounded by a thick hydrographic network that originates in the Atlantic basin. The climate 

in this area is tropical Guinean, with four distinct and unequal seasons: a long dry season from 

November to March (Fig. 2), a rainy season from April to June, a relatively dry July, and a fresh 

rainy season from mid-August to the end of October. With an average rainfall of 434.4 mm and 

an average annual temperature of 24.9 °C, October is the wettest month. The yearly average 

rainfall is 2294.4 mm, and the annual average temperature is 25.7 °C. The Kribi-Campo sub-

basin, which is characterized by sedimentary strata and metamorphic bedrock, also includes the 

Campo region. Limestones, shales, and sandstones characterize the Cretaceous-Cenozoic 

sedimentary formations (Aretouyap et al., 2020; Agyingi et al., 2019). Gneiss, mica schists, and 

granites make up the basement, which is made up of gneiss and metamorphic rocks from the 

Precambrian epoch (Joseph Martial et al., 2019; Tchameni et al., 1996; Ndema Mbongue et al., 

2014). Campo's vegetation is naturally diversified, with a dense and varied flora impacted by 

its proximity to the sea. From a hydrogeological standpoint, the aquifer of the alterations 

contained in the saturated zones of the subsoil and the aquifer of the fractures coexist in the 

various sites of the region, as they do in all regions with crystalline subsoil. Ferritic and 

ferruginous soils are the most common soil types in the area. 

3. Methodologies. 

3.1 Thematic layer selections.  

Criteria were chosen and analyzed based on their aquifer recharge implications. Using remote 

sensing and conventional data, six layers (lithology, lineament density, infiltration rate, 

drainage density, slope, land use/land cover) were developed and integrated into a GIS context 

to designate areas with groundwater potential. To evaluate the selection of groundwater 

recharge criteria, geological features, lithological units, geological structures, precipitation 

infiltration rate, and surface runoff were taken into account. 

The World Geodetic System (WGS 1984) was georeferenced and translated to vector format in 

a GIS environment, and all layers were projected to UTM, zone 32 N. 

 

3.2. Data acquisition and preparation of thematic layers. 

3.2.1. Lithology 
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Because infiltration is often dependent on the porosity and permeability of certain rock types, 

lithology is the most influential factor in groundwater recharge (Abijith et al., 2020; Murmu et 

al., 2019;). Groundwater infiltration and flow mechanisms are heavily influenced by lithology 

(Allafta et al., 2021). Some studies evaluate lineament densities and drainage networks as a 

function of primary and secondary porosity rather than lithology when examining parameters 

that influence groundwater recharge (Yeh et al., 2016). The lithological map was created by 

digitizing Cameroon's geological map (Scale 1: 500000). 

3.2.2. Lineament’s density 

 The lineament density map was created using ArcGis 10.7 software and data from the Shuttle 

Radar Topography Mission's digital terrain model (DEM). The DEM data was obtained from 

the (http://srtm.csi.cgiar.org) website. Eight shaded relief photos were obtained with a constant 

source tilt of 45° from the horizontal and eight different azimuth angles (0°, 45°, 60°, 100°, 

140°, 170°, 230°, and 315°) to obtain the lineaments. Shaded relief (SR) is a two-dimensional 

depiction of the topography of an earth surface that may be calculated using equation (1) 

(Serebryakova et al., 2015): 

RO = 255 [cos (Z).cos (Sl)] +[ sin (Z).sin (Sl).cos (Az-As)]                              (1) 

Where Sl is the slope of the terrain, Az is the azimuth or direction of the light vector, As is the 

aspect of the image, Z is the angle of inclination above the horizon of the light vector.    

To avoid considering auxiliary data during extraction, the manually extracted lineaments were 

overlaid with auxiliary data such as roadways and runways (Serele et al., 2020; Teikeu Assatse 

et al., 2016b). The lineaments retrieved from the shaded relief were further supplemented by 

tectonic lineaments (faults) from the geological map of the area. Equation (2) was used to 

construct the density map of the lineaments using the ArcGis 10.7 software's density line tool. 

(Greenbaum, 1985): 

                                                  Ld =   ∑ 𝐿𝑖𝑛𝑖=1𝐴                                        (2) 

Where ∑ 𝐿𝑖𝑛𝑖=1  is the total length of the lineaments (km) and A is the area unit (km²). 

3.2.3. Drainage density 

Drainage density is a quantitative measure of channels per unit area that also shows the link 

between surface runoff and soil permeability (Fossi et al., 2021; Achu et al., 2020; Kanagaraj 

et al., 2019; Takodjou Wambo et al., 2018). The drainage density map was created using the 

digital terrain model's drainage network. The DEM data was used to construct the drainage 
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density map, which was calculated using the following equation (Greenbaum, 1985; HORTON, 

1945):  

                                                               Dd= 
∑ 𝐷𝑖𝑛𝑖=1𝐴                                     (3)    

Where ∑ 𝐷𝑖𝑛𝑖=1   total length of the drainage (km) and A is the unit of area (km²). 

 

3.2.4. Infiltration rate. 

The infiltration rate is the amount of water that percolates into the soil in a given amount of 

time. When the rainfall intensity is less than the infiltration capacity, the rain infiltrates into the 

soil. The phenomena that control the passage of water to the soil surface control the infiltration 

process (Ibrahim-Bathis & Ahmed, 2016). The infiltration process regulates runoff, soil 

wetness, and percolation. The density of drainage and the frequency of watercourses are also 

proportional to the rate of infiltration (FANIRAN, 1969). Stream frequency is defined as the 

ratio of all streams of a given order in a research area to the study area's area equation (4) 

(Arefin, 2020; HORTON, 1945). Using the infiltration number obtained from equation (5), an 

infiltration rate map was created: 

                                                    Sf = 
𝑁𝑠𝐴                                                       (4) 

                                                   IR = Dd× Sf                                              (5) 

Where, IR = infiltration rate, Sf = Stream frequency; Ns = Total number of stream segments of 

all orders; A = area of the study area. 

3.2.5. The slope 

When it comes to groundwater recharge, the slope is crucial. Rainfall and surface runoff 

infiltration are aided by low slopes. Yeh et al. (2016) found that the angle of the slope has a 

substantial impact on rainfall infiltration, with the higher the angle, the higher the runoff and 

the lower the infiltration (Abijith et al., 2020). Equation (6) (SCHUMM, 1968) describes the 

algorithm for computing the slope: 

                                                               Sb= 
𝐻𝐿𝑏                                       (6) 

 Where H denotes the elevation difference between two points and Lb is the distance between 

two points. 

 

 

 

3.2.6. Land use/land cover  
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Groundwater recharge is influenced by some factors, including land use. The Landsat 8 OLI 

image was obtained from the Earth Explorer website of the United States Geological Survey 

(www.earthexplorer.usgs.gov). ERDAS imagine and ArcGIS software was used to extract the 

land use/land cover map from the Landsat picture. In the study region, four land use groups 

were extracted using supervised classification: primary vegetation, water bodies, agriculture, 

and built-up areas. 

3.3. Weight assignment and weight normalization using AHP.  

The final weights of the various layers and classes were determined using the following steps: 

criteria identification, classification, weighing of criteria and sub-criteria, normalizing of 

weights, and verifying the consistency of the resulting solution. According to the relative 

relevance of one criterion to the other, the AHP requires a pairwise comparison matrix (Table 

1) of the different criteria using a suitable Saaty scale (Table 2). The most significant aspect of 

the decision analysis (Saaty, 1990) is assigning the right weight to each criterion and its 

characteristics because the outcome is primarily dependent on it (Soyaslan, 2020). To create a 

single scale, the weights allocated to the various parameters and their classes were standardized. 

The eigenvalue is determined using the eigenvectors of each of the criteria and their features 

once the standardized matrix has been formed. The eigenvalue (λmax) is used to determine 

whether the solution produced is consistent. The following equations were used to determine 

the consistency index and consistency ratio. Saaty (Saaty, 1990): 

 

                                                                 𝐶𝐼 = λmax−𝑛𝑛−1                                       (7) 

Where n = number of criteria used. 

                                                                 Cr = 𝐶𝐼𝑅𝐼                                          (8)    

The consistency ratio, Cr = 0.02, is considered acceptable, as its value is less than 0.1. RI is the 

random inconsistency and its values are presented in Table 3.  

3.4 Assessment and validation of favourable groundwater zones  

The Groundwater Potential Indices were created by multiplying the normalized class weights 

resulting from the AHP by the weight of each layer equation (9) to discover the favourable 

groundwater locations (GWPI). 
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                   GWPI = ∑ 𝑊𝑖 𝑅𝑖𝑛𝑖=1                                (9)    

Where, GWPI = Groundwater Potential Index, Wi and Ri are the criteria weights and class 

weights in the layers respectively. The groundwater potential map was validated using data 

from fifteen boreholes provided by the China Geo-Engineering Corporation in Cameroon 

(GSC-CAM) to ensure the accuracy of our findings. 

3.5. Sensitivity analyses. 

After the groundwater potential map has been obtained, sensitivity analysis can be used to 

assess the correctness of the results. The influence of each criterion on the groundwater 

potential map can also be observed through sensitivity analysis (Ajay Kumar et al., 2020). This 

study looked at two forms of sensitivity analyses: the map removal sensitivity analysis by map 

removal and the single parameter sensitivity analysis. The first kind conducts a statistical 

analysis of the data using a sensitivity index produced by subtracting an individual layer from 

the groundwater potential map using equation (10) (Sinha et al., 2016). The second step is to 

use equation (11) to assess the impact of each of the criteria on the groundwater potential index. 

                                            S = 
|𝐺𝑊𝑃𝐼𝑁 −𝐺𝑊𝑃𝐼′𝑛 |𝐺𝑊𝑃𝐼 × 100                                                    (10) 

Where N = total number of parameters, n = number of remaining parameters and GWPZ' = 

Groundwater Potential Zone after removing a parameter. 

                                               V = 
𝑊𝑖𝑅𝑖𝐺𝑊𝑃𝐼 × 100                                                               (11) 

Where Wi and Ri are the layer weights and the class weights of different layers. Figure 3 

describes the set of methods used in this study. 

3.6. Groundwater sample analyses and multivariate statistics. 

To comprehend the evolution of physicochemical characteristics in space, the Inverse Distance 

Weighted (IDW) spatial interpolation approach was utilized to highlight their spatial 

distribution. The pre-processing of the data and the comprehension of the relationships between 

the physicochemical characteristics and the similarities between the groundwater boreholes 

using the PCA method are the two primary steps of the multivariate statistical analysis 

methodology. The statistical analysis was carried out using Python 3.7 and the Scikit-Learn 

Package for the necessary calculations, although we were responsible for all post-processing, 

particularly the interpretation aids. A dataset of 15 water samples with 5 physicochemical 

variables was used in the statistical analysis. Furthermore, PCA is an extremely sensitive 
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approach to extreme values. Because of the great sensitivity to extreme values, PCA must be 

applied on reduced centered or normalized data (Eq. 12), which gives each variable the same 

weight (Loh et al., 2020). 

 

                                                      Z = 𝑥−µ𝜎                                (12) 

Where Z is the normalized value, 𝑥 is the data. µ and σ are the mean and standard 

deviation respectively. PCA is a multidimensional statistical method for summarizing the 

information in the data. We calculated the contribution for the interpretation aid. It enables us 

to identify the most important observations in the definition of each factor. The biggest 

contribution is made by an element with a strong coordinate, which is indicated as a percentage. 

4.1. Results.  

The final individual class weights for all layers and their consistency ratios are presented in 

Table 4. 

4.1.1. Lithology. 

 Aquifer recharge is influenced by rocks having high porosity and permeability (Ghorbani 

Nejad et al., 2017). Groundwater infiltration, transport, and recharge are not possible in highly 

resistant rock formations. The research area's geological map is defined by many geological 

units, including sedimentary cover, micaschist, gneiss and amphibolite, gneiss and TTG, and 

charnockitic suite, which cover 60.3 (0.5%), 131.6 (1.1%), 998 (34.5%), 342.3 (2.7%), and 

1210.8 (44.3%) km² respectively (Fig. 4a). The sedimentary cover was given the highest rank 

because of their high porosity rates and the charnockitic suite core, which are very resistant 

rocks. 

4.1.2. Lineament’s density.  

Groundwater recharge is greatly aided by high lineament density (Arunbose et al., 2021). The 

density of lineaments ranges from 0 to 8.9 km/km² (Fig. 4b). The study area's lineament density 

was divided into five categories: very high (5.24-8.9 km/km²), high (5.24-3.16 km/km²), 

moderate (3.16-1.75 km/km²), low (1.75-0.63 km/km²), and very low (0-0.63 km/km²), 

covering 44.9 (1.6%), 206.6 (7.5%), 448.2 (16.4%), 645.3 (23.6%), and 1392.2 (50.7%) km² 

respectively. The very high class received the highest rank. 

4.1.3. Infiltration rate. 
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The rate of infiltration is influenced by soil texture and porosity, both of which aid in the 

movement of surface water. The study area's infiltration rate map was divided into five 

categories: very low (0.011-0.23 mm/h), low (0.23-0.34 mm/h), moderate (0.34-0.5 mm/h), 

high (0.5-0.75 mm/h), and very high (0.75-1.54 mm/h), which accounted for 999.2 (36.5%), 

1165.3 (42.3%), 440.2 (16.1%), 120.1 (4.4%), and 19.2 (0.7%) km² (Fig. 4c). The extremely 

high category received the highest ranking. Groundwater recharging is aided by a high 

infiltration rate (Ibrahim-Bathis & Ahmed, 2016). 

4.14. Drainage density. 

The distribution of runoff and infiltration rate is controlled by drainage density, which is one of 

the most fundamental indicators in hydrogeology (Ibrahim-Bathis & Ahmed, 2016). 

Percolation is increased when drainage density increases, resulting in low groundwater recharge 

(Nasir et al., 2018). The drainage density in the studied area ranges from 0 to 6.55 km/km² (Fig. 

4d). The drainage density map of the study area was also reclassified into five distinct classes: 

very low (0-0.66 km/km²), low (0.66 - 1.46 km/km²), moderate (1.46 - 2.34 km/km²), high (2.34 

- 3.52 km/km²), and very high (3.52-6.55 km/km²), with 835.5 (30.3 %), 759.2 (28.6 %), 662.5 

(24 %), 374.5 (13.5 %) km², and the very low class received the highest rank. 

4.1.5. The slope. 

The slope of a region's groundwater recharge is a critical issue. As indicated in Figure 4e, the 

study area was separated into five sub-areas based on their slopes: very low (0°- 4°), low (4°-

10°), moderate (10°-20°), high (20°-30°), and very high (> 30°), each occupying 1627.2 

(59.8%), 578.7 (21.9%), 369.3 (13.5%), 111.1 (4.2%), and 12.3 (0.5%) km². The very low-

grade area received the greatest rank, while the very high-grade class received the lowest 

weight. 

4.1.7 Land Use/Land Cover (LULC).  

Controlling infiltration and surface runoff is influenced by the type of land used (Ajay Kumar 

et al., 2020). Primary vegetation accounts for 2343.9 (85.5%), water bodies 31.3 (1.2%), 

agriculture 210.1 (7.6%), and built-up areas 152.1 (5.5%) km² in the research region, 

respectively (Fig.4f). Due to the lack of permeable surfaces in built-up areas, surface water 

infiltration is reduced (Allafta et al., 2021). Built-up regions were given the final place because 

of their high-water retention capacity. Water bodies were given first place, followed by 

agriculture and main vegetation. 

4-2. Physicochemical characterization of groundwater 
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Table 5 shows the findings of the physicochemical parameter study based on World Health 

Organization standards (WHO 2011). The regional distribution of physicochemical parameters 

is depicted in Figures 5a-e. 

The contact of groundwater with the rock structures it passes through is the primary cause of 

water hardness (Beyene et al., 2019). It is a measure of the amount of limestone in the water, 

and it corresponds to the amount of calcium and magnesium in the water. The total hardness in 

the Campo region varies between 14 °F and 15 °F, with an average of 14.5 °F and a standard 

deviation of 0.5 °F; these slight differences in total hardness are primarily attributable to the 

change of sedimentary rocks and limestone minerals. The total alkalinity of groundwater is the 

result of rock mineral change, soil leaching, and precipitation inputs to the atmosphere. It ranges 

from 3 to 3.7 mmol/l, with an average of 3.4 mmol/l and 0.2 mmol/l standard deviation. Low 

variations are found in the western samples (W10, W14, and W13) near the sea, and can be 

attributed to some factors, including the precipitation of calcite (CaCO3), which lowers 

alkalinity, and rocks containing bicarbonate and hydroxide compounds. Calcium concentrations 

range from 45 to 52 mg/l, with a mean of 49.4 mg/l and 1.8 mg/l standard deviation. The heavy 

agricultural activities, surface water infiltration, and geological components of the research area 

(Enyegue A Nyam et al., 2020), could all contribute to the elevated Ca2+ concentrations in the 

east (W3) and north (W11 and W12) of the study area. Magnesium levels range from 6 to 18 

mg/l, with an average of 9.3 mg/l and a standard deviation of 3.1 mg/l. The magnesium in the 

groundwater could be the result of dolomite dissolution and a substitution phenomenon between 

the magnesium released by total alkalinity and the magnesium released by the dolomite. The 

alkalinity of water is largely determined by hydrogen carbonate. The concentrations of 

hydrogen carbonate range from 195.2 to 225.8 mg/l, with an average of 210.5 mg/l and a 

standard deviation of 11.5 mg/l. The drill samples (W3, W4, W14, and W8) likewise had low 

values, which could be due to the sedimentary deposits. 

 

 

 

4.3. Multivariate statistical analysis.  

4.3.1.  Correlation between physicochemical parameters of groundwater. 
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 Figure 6 shows the relationships between the physicochemical properties of groundwater. Total 

hardness has a positive relationship with magnesium, hydrogen carbonates, and total alkalinity. 

These numbers illustrate how important these variables are in the mineralization and 

salinization processes. The matrix also reveals a negative association between calcium and total 

hardness and magnesium, explaining why these parameters change in opposite directions. 

Calcium contributes very little to water hardness, as evidenced by the minimal association 

between calcium and hardness. In their work on water quality assessment in coastal aquifers, 

(Qin et al., 2013) found that the very low correlations between hydrogen carbonate and calcium 

and magnesium confirm the salinity in the aquifers. 

4.3.2. Principal component analysis (PCA) 

The PCA yielded two factorial axes that capture the important information needed and allow 

the point cloud to be represented in a considerable way (75.6 %). The eigenvalues, variances 

expressed for each factorial axis, and cumulative values are shown in Table 6. The most 

important factor, F1, is defined by total hardness (r = 0.89), magnesium ions Mg2+ (r = 0.86), 

hydrogen carbonates HCO3
- (r = 0.73), and total alkalinity (r = 0.53), essentially characterized 

in the positive portion and calcium Ca2+ (r = - 0.34) in the negative part (Figure 7). The contact 

of groundwater with rock formations is what causes the hardness of the water. Magnesium 

(Mg2+) is created primarily by rock modification and acid hydrolysis of silicate minerals. 

Indeed, the samples were taken from aquifers with fissures and poor water circulation. In this 

instance, the water can stay in the rock for longer and so achieve chemical equilibrium. The 

interaction process between water and rock mass is the major factor regulating the variability 

of the origin of groundwater mineralization, as shown by the factorial axis F1. As a result, it 

reflects the method of water mineralization acquisition. 

Alkalinity total (r = -0.54), hydrogen carbonate HCO3
- (r = -0.51), and calcium (r = -0.74) 

constitute the negative component of the factor F2, whereas magnesium (r = 0.41) and total 

hardness (r = 0.068) define the positive part. The salinization process is the key factor 

determining the variability of groundwater quality, as shown by the negative grouping of the 

significant variables (hydrogen carbonate and alkalinity) on this factorial plane. Salinity is 

linked to natural and anthropogenic processes such as seawater intrusion, calcite dissolution, 

dolomite, and agricultural wastewater discharges (Marin Celestino et al., 2019). Because of the 

different observations' contributions to the definition of the main factors, it was feasible to 

identify which observations are most significant in defining each factor. The samples (W5, W6, 

W7, W8, W9, W10, W11, W13, and W15) are exposed to the water-rock interaction 
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mechanism, as shown in Figure 8. The salinization process has an impact on the samples (W1, 

W2, W3, W4, W12, and W14). 

5. Discussion. 

5.1. Groundwater potential zones.  

 In a GIS context, the layers were converted to vector format and associated using the Analysis 

Tools extension with Overlay (Union). The groundwater potential indices were then calculated 

using equation (7) in ArcGIS software's Field Calculator. Figure 9 depicts a chart of the Campo 

area's groundwater potential. The groundwater potential indices were split into four groups: low 

14.4 % (389.6 km²), moderate 53.3 % (1484.5 km²), high 28.3 % (783.3 km²), and extremely 

high 4.1% (110.9 km²). The groundwater potential map is divided into three main geographical 

areas: very low and moderate in the east, high in the middle, and extremely high in the west. 

The low to moderate groundwater potential areas are a result of the very steep slopes in these 

areas, which prevent precipitation from infiltrating the aquifer, as well as the nature of the 

bedrock, which is characterized by the charnockitic suite, which covers about 44.3 percent of 

the region's total area. The Charnockitic is the oldest geological unit in the studied area, which 

could explain the region's high lineament density. The high groundwater potential zone in the 

research area's center is mostly owing to high lineament densities, very low drainage densities, 

and gneiss-dominated lithology in these places. Coastal locations in the region have a relatively 

high groundwater potential, despite modest lineament density along the coast. The significant 

groundwater potential reported along the sea could be attributed to the lithology of these places, 

which is characterized by alluvial deposits, as well as the extremely low slopes. 

5.2. Validation of groundwater potential zones. 

The same data that was used to evaluate the groundwater potential map should not be utilized 

to construct it. To ensure the validity of this analysis, data from various boreholes was overlaid 

on the groundwater potential map. For the validation of the groundwater potential map, fifteen 

boreholes were employed. Three boreholes with an average operating discharge of 1.3 m3/h are 

found in very high groundwater potential zones. Six boreholes with an average operating 

discharge of 1.2 m3/h are placed in high groundwater potential zones. Five boreholes with an 

average operating discharge of 1.2 m3/h are placed in the moderate groundwater potential zones. 

In the low potential zone, one borehole with a 1.5 m3/h operating discharge is identified. The 

gradient descent approach was used to generate a linear regression between the groundwater 

potential indices and borehole data, with a coefficient of determination (R = - 0.55) (Fig.10). In 
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the crystalline basement, verifying the map with the flow rates of the boreholes collected in the 

field might be problematic since a borehole with a high flow rate can be near to a borehole with 

a low or dry flow rate. The mapping of groundwater potential areas in the Campo region is 

particularly significant and helpful to the residents, as it can help with effective groundwater 

development. 

5.3. Sensitivity analyses. 

5.3.1. Map removal sensitivity analysis. 

The average variation index of the map removal sensitivity analysis is presented in Table 7. 

The parameter with the largest order of influence on the groundwater potential map, according 

to this study, is lithology (LI), which has an average variation index of 3.06 %. This could be 

since this thematic layer is given a lot of weight. LULC has the lowest normalized weight of all 

the layers, yet it has a 2.31 % average variation index. This demonstrates that the sensitivity of 

a layer is not always determined by its weight. LI > DD > LULC > LD > IR > SL are the 

variation indices in order of influence on the potential map. 

5.3.2. The single parameter sensitivity analysis. 

Table 8 shows the average effective weights of the single parameter sensitivity analysis. We 

may compare the effective weights and the theoretical weights ascribed to the different layers 

using the single parameter sensitivity analysis. The most effective parameter is lithology (LI), 

which has an average effective weight of 25.8% less than its theoretical weight (35.6 %). With 

an effective weight of 5.81 %, LULC is the least effective parameter for the single parameter 

sensitivity analysis. On the groundwater potential map, the average effective weights are LI > 

DD > IR > DL > SL > LULC in order of effectiveness. 

5.4. Assessment of groundwater quality. 

PCA was used to find borehole-to-borehole similarities and connections between 

physicochemical variables. Our findings reveal two mechanisms related to mineralization 

origins and sources. The alteration of rocks as a result of groundwater's residence time in the 

rocks causes a process of interaction between water and rock. The process of salinization is 

attributable to anthropogenic activities, seawater intrusion and wastewater infiltration. There is 

salinity in the Campo area's groundwater, although the source of this salinization is more tied 

to human activity than to seawater incursion. This may be in accordance with the work of 

(Aretouyap et al., 2020). This could be in line with the findings of a geospatial and statistical 

analysis of the lineaments conducted in the region of Kribi-Campo to better understand the 

impact of the lineaments on seawater intrusion in the region. According to their findings, 
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salinity in groundwater due to seawater intrusion is moderate in the Campo area and very high 

in the Kribi area due to seawater intrusion. Agricultural operations, domestic wastewater 

discharge, and industrial wastewater discharge all have a greater impact on salinity. 

Groundwater quality must be assessed to protect a region's population's health. Understanding 

the origins of groundwater mineralization might help water resource planners make better 

decisions. 

Conclusion  

Because of its proximity to the sea, the Campo region contributes to Cameroon's economic 

development through its industry and agricultural operations. The identification of locations 

suitable for fruitful drilling would help to enhance the living standards of the people. The 

evaluation of groundwater mineralization is vital for the users' health to be maintained. Six 

layers of remote sensing and conventional data were considered for this study. The groundwater 

potential map was created using GIS and AHP techniques. The graphic depicts four distinct 

zones: low (14.4%), moderate (53.3%), high (28.3%), and very high (4.1 %). The efficiency of 

the results obtained is demonstrated by the linear regression between the groundwater potential 

indices and borehole data. PCA was used to assess the phenomena that cause salinity in the 

region's groundwater. Two factorial axes highlight the interaction between water and rock, as 

well as a salinization process associated to seawater intrusion and anthropogenic activities, 

according to our findings. The region's groundwater salinity is more closely linked to 

anthropogenic activity. This research will aid in the identification of regions that are ideal for 

the implementation of productive drilling. In addition to a better knowledge of the source of 

salinity in the Campo region's groundwater. The findings of this article will guide future 

hydrogeological prospecting efforts for drinking water supply in the region. 
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Figure caption. 

Figure 1. Location map of the study area. 

Figure 2. Ombrothermal diagram. 

Figure 3. The flow chart depicting the approach used in this research. 

Figure 4. Groundwater is influenced by geological, topographical, hydrological. (a) Lithology, 

(b) Lineament’s density, (c) Infiltration rate, (d) Drainage density maps, (e) Slope, (f) Land 

use / Land cover maps. 

Figure 5. The research area's spatial distribution of physicochemical parameters. (a) total 

hardness, (b) total alkalinity, (c) calcium, (d) magnesium, (e) hydrogen carbonate. 

Figure 6. Matrix showing correlations between several physicochemical properties. 

Figure 7. Relationships between physicochemical parameters are represented by correlation 

circles. 

Figure 8. Graphical representation of physicochemical parameters and groundwater samples 

from the study area. 

Figure 9. The AHP model generated a groundwater potential map. 

Figure 10. Relationship between groundwater potential index and well discharge. 
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Figure 5

The research area's spatial distribution of physicochemical parameters. (a) total

hardness, (b) total alkalinity, (c) calcium, (d) magnesium, (e) hydrogen carbonate.



Figure 6

Matrix showing correlations between several physicochemical properties.
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Relationships between physicochemical parameters are represented by correlation circles.



Figure 8

Graphical representation of physicochemical parameters and groundwater samples from the study area.



Figure 9

The AHP model generated a groundwater potential map.
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Relationship between groundwater potential index and well discharge.


