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Abstract 
In Daloa, the waters from wells and springs from shallow aquifers are used for 
drinking, given the low water coverage and organoleptic quality of water from 
the public network. However, the lack of an adequate sewage system and 
human activities could lead to a risk of chemical contamination of this water 
table. Yet, the vulnerability and contamination of groundwater in urban areas 
are a major concern that requires greater attention. It therefore seems necessary 
to map the specific vulnerability linked to chromium in order to identify the 
areas requiring special attention. To do this, we opted for Multi-Criteria Analysis, 
which takes many parameters into account and is suitable for porous media. 
This method is based on a numerical rating system, which takes into account 
hydrogeological, human and pollutant characteristics. Field data, laboratory 
data and maps were used. Using ArcGis software, the data was interpolated, 
reclassified and rated. The combination of maps indicates three classes of 
vulnerability: average (0.79%), high (97.53%) and very high (1.68%), with 
satisfactory validation criteria (coincidence rate: 78.26% and margin of error 
0.68%). Consequently, there is a potential risk of contamination of alterite 
aquifers throughout the city. The MCA has produced satisfactory results, but 
these can be supplemented by a numerical mass transport model to validate 
the degree of vulnerability. 
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1. Introduction 

The contamination and vulnerability of groundwater in urbanised areas are a 
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major concern that requires greater attention (Mfonka et al., 2018), because 
preserving groundwater quality is all the more important given that this resource, 
once contaminated, becomes unsuitable for consumption (Jourda et al., 2006). 
However, in recent years, some studies have shown that groundwater resources 
undergo serious impacts in terms of quality and quantity (Aydi, 2018; Kirlas et al., 
2022). This is attributable to growing demand and pollution caused by anthro- 
pogenic pressures (Blanchard et al., 2016). Indeed, rapid population growth, 
inadequate sanitation, agriculture, industrial operations and inappropriate waste 
disposal contaminate and pollute groundwater reserves for human consumption, 
compromising their safety and purity (Babuji et al., 2023). This is a problem that 
affects many urban areas in developing countries. In Daloa, the problem is marked 
by the discharge of waste water, uncontrolled household waste dumps, faulty 
septic tanks located less than 15 m from water points and low well depths. All of 
these factors make us fear any risk of chemical contamination of the alterite 
aquifers used by the majority of the population for their drinking water. However, 
for their own consumption, local people have recourse to water from these aquifers, 
given the low drinking water coverage (Awomon et al., 2018) and organoleptic 
quality of water from the public network (Kouassi et al., 2023). And to date, no 
specific vulnerability study has been carried out on these water tables. So prevention 
against any pollutant appears essential. As a result, different methods (DRASTIC, 
GOD, SINTACS, EPIK, SI, PaPRI, AMC, etc.) have been developed to assess the 
vulnerability of aquifers.  

However, most of them present errors and uncertainty in the determination of 
rating scales and weighting coefficients (Goyal et al., 2021). Multi-criteria analysis 
(MCA), on the other hand, seems to perform better, because it is a method in 
which the importance of each factor is assessed by means of the consistency ratio. 
This method was used in the present study because it takes many parameters into 
account and is suitable for porous media such as the alterite aquifers in the city of 
Daloa. 

This method has been the subject of several applications worldwide, particularly 
for identifying potential recharge zones (Makonyo & Msabi, 2021) and locating 
water points (Mangoua et al., 2014; Abdelouhed et al., 2021). It has been successfully 
used to map the best sites for municipal waste storage (Karimi et al., 2019; Bilgilioglu 
et al., 2022) and medical waste incineration (Husna et al., 2017). Kumar et al. (2017) 
and Aydi (2018) used it to assess vulnerability to groundwater pollution in India and 
Tunisia respectively. In Ivory Coast, Kouadio (2019) used it to assess vulnerability to 
pollution of alterite aquifers. However, all these authors only studied intrinsic 
vulnerability and only considered hydrogeological and/or human parameters. 
Therefore, this study sheds light on the mapping of the specific vulnerability to 
pollution of alterite aquifers in order to prevent potential pollution risks. In addition 
to hydrogeological and human parameters, taking into account the characteristics of 
the pollutant could provide a better understanding of the sensitivity of aquifers. 
The response of the system (soil-unsaturated zone-saturated zone) could also 
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depend on the pollutant considered. Emphasis is also placed on the specific 
vulnerability of chromium, as the chromium analysed has high concentrations in 
all seasons compared with other chemical parameters in Daloa’s well and spring 
waters. This parameter, in its Cr6+ form, can cause toxic and carcinogenic effects in 
consumers of these waters. 

2. Material and Methods 
2.1. Description of the Study Area 

The study was carried out in the town of Daloa, which is located in central-western 
Ivory Coast and covers an area of 97.28 km2. It is situated between 6˚22' and 6˚29' 
west longitude and between 6˚49' and 6˚56' north latitude (Figure 1). It is the 
country’s third most populous city after Abidjan and Bouaké, with an estimated  
 

   

 
Figure 1. Map of daloa city. 
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population of 421,879 (INS, 2021). It has a transitional tropical climate, with a 
rainy season from March to October and a dry season from November to February 
(Kouadio, 2022). The Daloa formations belong to the Precambrian basement and 
there are generally composite aquifers in this environment: alterite aquifers 
(superficial) and fractured aquifers (Lachassagne et al., 2011). Alterite aquifers are 
subdivided into two layers (Figure 2): alloterites and isalerites (Kouassi et al., 
2024). The city of Daloa is located in a single geological domain, namely migmatites 
on heterogeneous granitoids. 
 

 
Figure 2. Generalized conceptual model of the hydrogeological context of Daloa (Kouassi 
et al., 2024). 

2.2. Data Collection Methodology 
2.2.1. Collecting of Hydrogeological Data 
The majority of hydrogeological parameters control water flow and permit assessment 
of the vertical vulnerability of groundwater. It is about the physical properties that 
play a role in the migration and attenuation of a contaminant within the soil-
unaerated zone-aerated zone complex. There are many hydrogeological parameters, 
but we have chosen to focus on: 

Well depth: this represents the distance (in metres) from the soil surface to the 
piezometric surface. It determines the thickness of the unsaturated zone and 
conditions the pollutant transfer time to the water table (Patel et al., 2023; Fusco 
et al., 2024). For this study, campaigns to measure the water level in 30 wells were 
carried out in March and November 2022, which mark the start of the rainy and 
dry seasons, using an OTT 150 m light and sound piezometric probe. In practice, 
this involved undoing the graduated tape until the tip touched the surface of the 
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water and a sound was emitted before the value was taken. It should be noted that 
this value is used to calculate the water’s edge. 

Annual recharge: this is the main vehicle for transferring pollutants to ground- 
water. The greater the recharge, the greater the risk of contamination (Maqsoom 
et al., 2021). In this study, recharge was determined on the basis of the piezometric 
fluctuation method (Equation 1):  

R H= θ×∆                        (Equation 1) 

with R: total recharge (mm/an); θ: total porosity determined from soil samples 
taken with an auger around the wells using the saturation method; ΔH: seasonal 
water level variation. 

Hydraulic conductivity of alterites: this is a physical characteristic that 
represents the ease with which a material allows fluid to be transferred through a 
connected network.  

It controls the propagation speed of the pollutant in the aquifer. In the field, 
Porchet’s method, based on the principle of constant-load infiltration, was applied 
using a double-ring infiltrometer.  

The principle is to follow the evolution of the water level as a function of time 
in the inner ring to determine the rate of infiltration at each time step. After a 
certain time, a steady state is established. The conductivity is then calculated on 
the basis of equation 2: 

( )2
r hC

t h r
′×

=
× +

                  (Equation 2) 

where r: radius of the hole (m) in relation to the inner ring; h′ . height of the 
percolated water (m); t: elapsed time (s); h: height of the water column (initial 
value, in m). 

Aquifer material: This is the lithology of the saturated zone. This parameter 
intervenes in the trapping of the pollutant, which can escape due to the absorption 
capacity of the soil (Mbuluyo et al., 2017). Thus, the data collected from logs and 
lithological sections of boreholes in the study area give a more or less detailed idea 
of this parameter. To determine the ‘Aquifer material’ parameter, the layers 
representative of the saturated zone were considered.  

Slope: This parameter indicates whether the water will run off at the surface or 
infiltrate into the ground. Indeed, the steeper the slope, the greater the runoff and 
the less the water will infiltrate (Farah et al., 2021). On the other hand, an area 
with a weak slope favours infiltration and increases the potential for contaminant 
migration. To determine this, we used a digital terrain model (DTM) that can be 
downloaded from the Earth Explorer website. 

Soil type: Soil is a hydraulic property that controls recharge during the water 
infiltration process (Mboudou et al., 2016; Maqsoom et al., 2021). Its characteristics 
are of considerable importance in the path of water and therefore in the transfer 
time of pollutants from the soil surface to water. For this reason, the soil map of 
Côte d’Ivoire produced by Perraud & De La Souchère (1969) was used, revealing 
that the soil in Daloa is sandy-clayey. 
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Unsaturated zone: this is located between the soil layer and the water table. 
The nature of this zone is an important parameter, because it influences the speed 
at which pollutants propagate towards the aquifer. The influence of this zone on 
the potential pollution of the aquifer depends essentially on either the thickness, 
lithology or transit time (Gourcy, 2022). For the present study, only lithology was 
considered. This parameter was determined on the basis of logs and lithological 
sections from boreholes. 

2.2.2. Collecting of socio-Environmental Data 
In order to acquire socio-environmental data, it was necessary to carry out surveys 
of state structures and households. The information sought concerned: 

Population density: this refers to the number of individuals per square kilometre. 
This parameter influences all human activities carried out on the surface of the 
soil, which are likely to produce pollutants directly or indirectly. For this study, 
the population data provided by the National Statistics Institute (INS) during the 
general population census in 2021 were used. 

Management of wastewater and household waste: these parameters refer to 
the type of sanitation system used by the population. For these data, a survey was 
conducted among households in Daloa in 2021. The questions concerned the type 
of sanitation system used (septic tanks, refuse bins, nature). The proportions of 
households discharging wastewater and household waste into the environment 
were calculated. 

2.2.3. Collecting Chemical Data on Well and Spring Water 
Seasonal chemical analysis of well and spring water has enabled chemical parameters 
to be identified and quantified. It was revealed that heavy metals, particularly 
chromium, are present in high concentrations, regardless of the season.  

The characteristics of chromium have therefore been taken into account in 
order to better explain all the physico-chemical interactions between the aquifer 
and the pollutant. These are the degree of adsorption (Ad) of the pollutant by the 
unsaturated zone and its solubility (So) in water, the information for which comes 
from documentary research. 

2.3. Methodology for the Elaboration of the Specific Vulnerability  
Map 

This study consists to present the areas of high vulnerability linked to a specific 
pollutant on a map. The assessment and mapping of areas vulnerable to chromium 
pollution was made possible by the application of Multi-Criteria Analysis (MCA) 
based on the AHP method. This technique has proved effective in other studies of 
groundwater contamination. The map is drawn up in several steps. For this reason, 
a simplified conceptual model was developed to facilitate the work (Figure 3). 

2.3.1. Identification of Vulnerability Factors 
The identification of factors relating to the study of the specific vulnerability of 
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aquifers is conditioned by several criteria such as the hydrogeological criterion, 
the human criterion and the pollutant criterion. As part of this study, twelve (12) 
factors were selected (Table 1), namely: depth (D), recharge (R), aquifer material 
(A), lithology of the unsaturated zone (LUZ), conductivity (C), slope (Sl) and soil 
(S), which constitute the hydrogeological factors. As for human factors, the 
population density (PD), the household waste management method (Hw) and the 
waste water management method (Ww) were retained. The pollutant factors are 
the degree of adsorption (Ad) of the pollutant in the unsaturated zone and its 
solubility (So) in water. 
 

 
Figure 3. Conceptual model showing the steps involved in elaborating a vulnerability map. 
 

Table 1. Factors relating to the study of specific vulnerability to pollution. 

 Units Values Sources 

P m 1.04 - 20.42 Piezometric measurement 

R mm/years 5.5 - 484.9 Piezometric fluctuation method 
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Continued 

A  Coarse sand Borehole logs 

LUZ  Clayey sand Borehole logs 

C m/s 5.44 * 10−6 - 1.79 * 10−4 Measurement using the Porchet method 

Sl % 0 - 170.09 DTM 

S  Clayey sand Pedological sketch 

PD Inhbts/Km2 1182 - 83 119 INS (2021) 

Hw % 50 Survey data 

Ww % 50 Survey data 

So  Oui Bibliography 

Ad  Non Bibliography 

2.3.2. Drawing Up Parametric Maps of Factors 
All the field data obtained was compiled and interpolated. Qualitative data (aquifer 
material, slope, unsaturated zone lithology, soil type, solubility and adsorption) were 
transformed into raster and quantitative values before being interpolated to the 
entire study area. They were then reclassified and rated. In practice, the data was 
interpolated in the ArcGIS environment. This was done using the Inverse Distance 
Weighting (IDW) method, known as the local deterministic method in the ‘Spatial 
Analyst tools’ module. The values were then reclassified on the basis of the several-
author rating system shown in Tables 2-4. Finally, as the factors were measured on 
different scales, they had to be standardised. As a result, each factor was associated 
with an entire scale with a score ranging from 1 to 10 in the ‘Reclassify’ tool. 
 
Table 2. Ratings linked to hydrogeological factors. 

Parameters Classes Ratings Authors 

P (m) 

0 - 1.5 10 

Aller et al. (1987) 

1.5 - 4.5 9 

4.5 - 9 7 

9 - 15 5 

15 - 23 3 

23 - 31 2 

R (mm/year) 

0 - 50 4 

Aller et al. (1987) 
50 - 100 6 

100 - 180 8 

˃180 10 
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Continued 

C (cm/d) 

<4 1 

Aller et al. (1987) 

4 - 12 2 

12 - 29 4 

29 - 41 6 

41 - 82 8 

˃82 10 

A  
LUZ 

Chippings 9 

Majolagbe et al. (2016) Coarse sand 8 

Middle sand 7 

 Fine sand 6  

 Clayey sand 5  

Sl (%) 

0 - 10 10 

Mbuluyo et al. (2017) Modi-
fied 

10 - 20 9 

20 - 30 5 

30 - 50 3 

 50+ 1  

S 

Thin soil 10 

Mbuluyo et al. (2017) Sandy-clay 4 

Clay 1 

 
Table 3. Ratings linked to human factors. 

Parameters Classes Ratings Authors 

PD (Inhbts/Km2) 

<1000 1 

Deh (2013) modified 

1000 - 3000 2 

3000 - 5000 4 

5000 - 10,000 6 

10,000 - 20,000 8 

˃20,000 10 

Hw (%) 
Ww (%) 

0 - 25 4 

Kouadio (2019) 
25 - 50 6 

50 - 75 8 

75 - 100 10 

https://doi.org/10.4236/gep.2025.138018


Y. E. Kré et al. 
 

 

DOI: 10.4236/gep.2025.138018 362 Journal of Geoscience and Environment Protection 
 

Table 4. Ratings assigned to pollutant characteristics. 

Parameters Classes Ratings Authors 

Ad 

Null 10 

Deh (2013) 

Very low 8 

Low 7 

Moderate 5 

So High 7 

2.3.3. Determining the Weighting Coefficients 
Given the large amount of data to be processed and the complexity of the problem 
to be studied, the method developed by Saaty (1977) was used to quantify and 
rank the criteria and factors characterising vulnerability to pollution. It is a simple 
method whose backbone is consolidated by mathematical calculations that generate 
weighting coefficients whose sum is equal to 1. The methodological approach can 
be summarised in four (4) steps. 

Construction of the hierarchy: this has consisted of structuring the problem 
to be solved into three levels (Figure 4). Level 0 represents the main objective to 
be achieved. Level 1 corresponds to the three (3) criteria taken into account in this 
study. Finally, level 2 presents the twelve (12) evaluation factors. 
 

 
Figure 4. Hierarchical structure according to Saaty (1977) modified for the present study. 
 

Binary combination: this consisted in comparing the relative importance of all 
the elements taken two by two to configure reciprocal square matrices based on the 
model established by Saaty (1980) and on the numerical scale of El Majorni (2002). 
Firstly, the various factors were established in a precise order based on actual 
information on the alterite aquifers in the city of Daloa. The order of classification 
is as follows: P-Sl-A-R-S-LUZ-C, Ww-Hw-PD and So-Ad. Thereafter, when two 
factors have the same importance in the study of vulnerability to pollution, the value 
1 is given to them. However, if one factor is more important than the other, then it 
is given the value 5. Otherwise, it is given the opposite value. 

Determining logical consistency: this involves calculating the RC consistency 
ratio. This operation is composed of seven (7) steps: 

Normalisation of the original matrix: this step consists of dividing each numerical 
scale of each parameter following each column by the total for that column. In 
this matrix, a total is determined for each line. 
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Calculating the priorities of the parameters according to the lines: this involves 
dividing each total of the lines by the total of the totals of the lines.  

Creating a new matrix by multiplying each priority by the columns of the 
original matrix. A total is then determined for each line. 

Ratio of each line total by each priority.  
Calculation of the maximum eigenvalue of the elements compared (λmax) based 

on the following formula: 

max
RV
n

λ = ∑                  (Equation 3) 

With: RVk, report values and n, number of elements compared. 
Determination of the coherence index (CI) by the following formula:  

maxCI
1

n
n

λ −
=

−
                 (Equation 4) 

Calculation of the coherence ratio. Saaty defined, by experiment, a coherence 
ratio as the ratio of the coherence index (CI) to the random index (RI) of a matrix 
of the same dimension. The RI values are 1.35, 0.52 and 0 respectively for the 
hydrogeological, human and pollutant matrices (Saaty, 2000; Alonso & Lamata, 
2006). 

CICR
RI

=                      (Equation 5) 

The consistency ratio provides information on the consistency of the judgements, 
because the values assigned can present a certain degree of inconsistency. This 
ratio is compared to 10% (Saaty, 2000). 

If RC ≤ 10%, then the matrix is said to be coherent; 
If RC > 10%, then the matrix is not consistent and should be revised. 
Calculation of factor weights: the eigenvectors and weighting coefficients by 

line were determined according to the equations below: 

Ev n
i nW W= × ×                 (Equation 6) 

EvWC
Ev Ev

i

i n

=
+ +

               (Equation 7) 

with WC: weighting coefficient; Ev: eigenvector for each parameter; Wn: main 
scores assigned to the parameters. 

2.3.4. Complete Aggregation of Factors and Determination of  
Vulnerability Classes 

Complete aggregation of the factors involved multiplying each reclassified factor 
map by its respective weighting coefficient and adding the results to produce a 
suitability index on a scale of 1 to 10.  

Mena (2000) considers that this method is the only one applicable when there 
are several criteria which vary continuously in space. By adapting the vulnerability 
index formula established by Gogu & Dessargue (2000), we can write:  

1SAI WC RMi ii
n
=

= ×∑               (Equation 8) 
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with SAI: specific ability index; WCi: weight of factor i; RMi: reclassified map of 
factor i. 

This equation was used individually for the three decision criteria. Subsequently, 
the specific chromium vulnerability index noted (SVI) was obtained according to 
the following formula: 

SVI WC_Hg SAI_Hg WC_Hu SAI_Hu WC_P SAI_P= × + × + ×   (Equation 9) 

with WC_Hg, WC_Hu and WC_P the weighted coefficient of the different criteria 
considered. 

Next, the equal interval classification method of Aydi (2018) was used to classify 
the vulnerability to specific pollution into five classes (Table 5). 

 
Table 5. Specific vulnerability indices and classes according to Aydi (2018). 

Indices Classes of vulnerability 

[1 - 2[ Very low 

[2 - 4[ Low 

[4 - 6[ Medium 

[6 - 8[ High 

[8 - 10] Very high 

2.3.5. Validation of the Specific Vulnerability Map 
To affirm the reliability of the specific pollution vulnerability map of the city of 
Daloa and to appreciate the relevance of each variable on this map, two (2) 
verification tests were carried out. The first test consisted in determining the 
margin of error on the final pollution vulnerability map. The second test, which 
is an empirical validation criterion, consisted of calculating the coincidence rates 
of high chromium concentrations analysed in well and spring water in Daloa and 
in highly vulnerable areas. This is one of the approaches (Superimposing existing 
groundwater chemical data on the map) widely used to empirically validate a 
vulnerability map. 

Calculation of the margin of error: the margin of error permits to appreciate 
the quality of the information obtained from the vulnerability map. It was 
calculated on the basis of the equations bellow:  

X
m
σ

∆ =                    (Equation 10) 

Er
IvM

X∆
= ∑                   (Equation 11) 

with X∆ : uncertainty on the average index; 𝜎𝜎: standard deviation of vulnerability 
indices; m: number of data considered; IvM: average vulnerability index. 

Determination of coincidence rates: chromium concentrations were projected 
onto the pollution vulnerability map, and the coincidence rate was determined by 
calculating the ratio of the number of wells whose pollution level was consistent with 
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the vulnerability level over the total number of wells sampled. To do this, 27 wells 
with chromium values greater than 0.05 mg/L were considered. In validating the 
vulnerability map, the areas that are really contaminated must correspond to those 
with the highest vulnerability indices. This verification technique has been adopted 
by several authors, including Deh (2013), Gougo (2016), Kumar et al. (2017) and 
Kouadio (2019). 

3. Results  
3.1. Weighting Coefficients 

The obtaining of the different thematic maps has involved multiplying each factor 
map by its weight (Cp).  

Thus, Tables 6-9 show the weighting coefficients based on the numerical values 
assigned (see square matrices) and the consistency ratio. These tables show ratio 
values between 0% and 0.05%. This shows that the matrices are consistent. On the 
basis of the order of importance of each factor established, the weighting coefficients 
decrease from the most important to the least important factors. 

 
Table 6. Weight of hydrogeological factors according to matrix. 

 P Sl A R S LUZ C CR WC 

P 1 2 3 5 5 6 6 

0.05 

0.35 

Sl 1/2 1 3 5 4 4 5 0.26 

A 1/3 1/3 1 4 3 3 5 0.16 

R 1/5 1/5 1/4 1 2 2 3 0.08 

S 1/5 1/5 1/3 1/2 1 2 2 0.06 

LUZ 1/6 1/4 1/3 1/2 1/2 1 2 0.05 

C 1/6 1/4 1/5 1/3 1/2 1/2 1 0.04 

 
Table 7. Weight of human factors according to matrix. 

Ww 
Ww Hw PD CR WC 

1 3 4 

0.01 

0.62 

Hw 1/3 1 2 0.24 

DP 1/4 1/2 1 0.14 

 
Table 8. Weight of pollutant factors linked to the matrix. 

So 
So Ad CR Cp 

1 2 
0 

0.67 

Ad 1/2 1 0.33 
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Table 9. Weight of criteria. 

Hydrogeology 
Hydrogeology Human Pollutant CR WC 

1 3 5 

0.04 

0.62 

Human 1/3 1 3 0.24 

Pollutant 1/5 1/3 1 0.14 

3.2. Analysis of Specific Suitability Maps 

Human vulnerability map: Figure 5(a) shows two (2) classes of vulnerability to 
pollution, namely high and very high, on the human vulnerability map. These two 
(2) occupy 89.37% and 10.63% respectively. As a reminder, drawing up this map 
was made possible thanks to data on population density, wastewater management 
and household waste. Thus, it is clear that the human activities carried out in the 
area seem to be crucial in terms of the vulnerability of the alterite aquifers.  

Pollutant criteria map: The sensitivity map linked to the characteristics of 
chromium (Figure 5(b)) indicates a very high vulnerability class throughout the 
study area. This indicates that chromium or all non-reactive and soluble pollutants 
could migrate towards the groundwater of the city of Daloa.  

Hydrogeological criterion map: It shows four (4) classes of vulnerability to 
pollution (low, medium, high and very high) in the study area after superimposing 
the thematic maps (Figure 5(c)). However, the high class predominates, and 
represents 86.81% of the surface area. Then come the medium, very high and low 
classes, which occupy 11.64%, 1.52% and 0.03% respectively. The latter are poorly 
represented on the map. Consequently, this situation indicates that hydrogeological 
factors would favour the progression of certain pollutants towards the water table 
if they were present in these areas. 

 

    

https://doi.org/10.4236/gep.2025.138018


Y. E. Kré et al. 
 

 

DOI: 10.4236/gep.2025.138018 367 Journal of Geoscience and Environment Protection 
 

 
Figure 5. Vulnerability map: human criteria (a), pollutant criteria (b) and 
hydrogeological criteria (c). 

3.3. Analysis of the Final Chromium-Specific Vulnerability Map 

The specific vulnerability map based on the AMC method, obtained by combining 
the maps, shows three classes of vulnerability (medium, high and very high) (Figure 
6). Analysis of this map shows that the medium and very high vulnerability classes 
hardly exist in the study area (0.79% and 1.68% of the total surface area of the study 
area); instead, it is dominated by the high class (97.53%). In this case, a very close 
eye must be kept on any intense anthropogenic activities that tend to pollute 
groundwater. 
 

 
Figure 6. Specific vulnerability map of the city of Daloa. 
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3.4. Criteria for Validating the Vulnerability Map 

The validity of this map was made possible by the margin of error and the 
coincidence rates of high chromium concentrations. The margin of error obtained 
on the map is 0.68% (Table 10), showing that the information on the map is 
reliable. This error value was obtained by considering only those factors for which 
the data came from the field missions. In terms of uncertainties, the depth factor 
has the highest value (0.08). 
 

Table 10. Margin of error on the final vulnerability map. 

 P R A LUZ C PD Ww Hw Ad So 

σ 0.46 0.14 0.00 0.00 0.02 0.19 0.00 0.00 0.00 0.00 

Ivi_M 1.92 0.53 1.27 0.25 0.05 1.04 5.04 1.84 2.63 6.03 

m 30 30 11 11 42 44 44 44 44 44 

x∆  0.08 0.03 0.00 0.00 0.003 0.03 0.00 0.00 0.00 0.00 

Er 0.0068 = 0.68% 

 
As for the coincidence rate, the distribution of chromium concentrations on 

the vulnerability map reveals that 78.26% of chromium concentrations > 0.05 
mg/L coincide with areas of high vulnerability (Figure 7).  
 

 
Figure 7. Distribution of chromium concentrations on the vulnerability map. 

4. Discussion 

In the study of specific vulnerability, Geographic Information Systems (GIS) and 
Multicriteria Analysis (MCA) remain a well indicated alternative for accurately 
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mapping the sensitivity of an environment through the participation of multiple 
parameters. 

In the present study, the vulnerability map of the alterite aquifers to pollution 
shows three (3) classes of vulnerability: medium (0.79), high (97.53%) and very 
high (1.68), with the high class predominating. Analysis of this map indicates that 
there is a potential risk of groundwater contamination in the entire town. This 
high level of vulnerability obtained in the present study could be linked to certain 
hydrogeological factors, namely the low depth of the water table (1.05 - 20.41 m). 
The depth of the water table determines the distance the pollutant has to travel 
before reaching the water table (Kouadio, 2019). The higher the water level, the 
faster the pollutant could reach the water table (Maqsoom et al., 2021; Patel et al., 
2023). The importance of this parameter in assessing vulnerability to pollution 
has already been underlined by several authors (Maqsoom et al., 2021; Poromna 
et al., 2022). Also, the vulnerability of these areas could be explained by the 
presence of low slopes (0 to 26.01%) that cover practically the entire area. Slope is 
a factor that favours either the infiltration of surface water into groundwater or 
run-off (Poromna et al., 2022). This result corroborates the work of Kamenan et 
al. (2020) in the Lobo basin. They have stated that, in general, the basin presents 
76.90% of low slopes. On the other hand, this vulnerability is reinforced by human 
factors. The precarious sanitation system in the city of Daloa could lead to high 
production of pollutants that could infiltrate and contaminate the water table, as 
shown in the study by Kouadio (2019). 

Furthermore, the vulnerability classes obtained in the present study are similar 
to those obtained by Kouadio (2019), Kamenan et al. (2020) and Pouye et al. 
(2022), who assessed the intrinsic vulnerability to pollution of the Agboville sand-
clay aquifer, the Lobo basin and the Dakar sand aquifer. Indeed, their work 
revealed a dominance of the high class of 56%, 89% and 45% respectively based 
on the AMC, PaPRI and SI methods. This similarity could be attributable to 
factors such as the low depth of the water table, the low slope and the lithology. It 
is therefore understandable that hydrogeological and human criteria seem to be 
the most important in assessing the degree of vulnerability of groundwater. 
However, this is not what is observed in the work of Deh (2013) and Kirlas et al. 
(2022) with the AMC and SI respectively. Instead, they found the low vulnerability 
class for the sandy water table in Abidjan (39%) and the sandy-clay water table in 
Nea Moudiana in Greece (32%). This difference could be attributable to geological 
formation and depth. Indeed, Deh (2013) worked on a sand table with dominant 
depths between 39.85 and 88.40 m. For Kirlas et al. (2022), on the other hand, it 
is a sandy-clay water table with a shallow depth (0 to 10 m). 

In addition, determining the margin of error and the coincidence rates are 
validation criteria that make it possible to assess the relevance of the information in 
the pollution vulnerability map. Indeed, the production of parametric pollution maps 
is very complex and presents errors linked to the important number of data taken 
into account. Several factor maps, concerning recharge, hydraulic conductivity, 
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depth of the water table, lithology of the unsaturated zone, aquifer material, 
population density, wastewater and household waste management methods, were 
produced by interpolation, thus assigning values in areas where no data is known or 
exists. Despite this limitation, the vulnerability maps remain reliable. It should be 
noted that field measurements and analysis of groundwater chemical parameters are 
used extensively for validation of the final vulnerability map. As a result, Kumar et 
al. (2017) considered 10 parameters (total alkalinity, pH, TDS, hardness, magnesium, 
sulphate, calcium, iron, fluoride and nitrate) from 241 water samples to validate and 
assess the accuracy of the results. Poromna et al. (2022) validated their map by 
measuring the distance between sewage works and wells; physico-chemical 
parameters (pH, EC, TAC, Ca2+, K+, Na+, Mg2+, Mn2+, Cl−, 2

4SO −  and 3NO− ) and 
indicator germs of faecal contamination (faecal coliforms, Escherichia coli, faecal 
streptococci and sulphate-reducing anaerobic germs). On the other hand, nitrate 
concentrations alone have been used by many authors to validate pollution 
vulnerability maps (Amrani et al., 2019; Kouadio, 2019; Kamenan et al., 2020; Ben-
moussa et al., 2023). For the present study, the margin of error of 0.68% and the 
coincidence rate of 78.26% obtained seem satisfactory. The strong coincidence of 
high chromium levels with areas of high vulnerability shows the gravity of the 
groundwater pollution. This situation is all the more critical given that water from 
traditional wells and natural springs is consumed by the majority of the population 
of Daloa. Consequently, the information on the map can be used for decision-making 
and management of groundwater resources. Even if these values do not reach the 
desired ones, they remain important to justify the reliability of the vulnerability map. 
Thus, compared with other studies, the value of the margin of error is lower than 
1.52% found by Eblin (2014) and 2.1% by Kamenan et al. (2020) with the SI and 
PaPRI methods. These margins of error obtained by these authors could be due to 
the large surface areas of their study zones and to the interpolation of data where 
these are not known. Concerning the chromium coincidence rate, the results are 
close to those of Kouadio (2019) who have found a nitrate coincidence rate with high 
vulnerability zones of 80%. This comparison can be explained by the fact that 
nitrates and chromium are both water-soluble substances and are not reactive. 
Thus, the AMC method seems better to express the specific vulnerability of 
groundwater. 

5. Conclusion 

The aim of this study is to map the degree of specific vulnerability of the alterite 
aquifers in the city of Daloa on the basis of multi-criteria analysis (MCA). Thus, 
using this method, it was necessary to consider seven (7) hydrogeological factors 
(P-Sl-A-R-S-LUZ-C), three human factors (Ww-Hw-PD) and two pollutant 
factors (So-Ad). The final vulnerability map obtained indicates potential risks of 
groundwater contamination. In fact, it reveals three classes of vulnerability: average 
(0.79), high (97.53) and very high (1.68), with the high class predominating. This 
strong vulnerability is marked throughout the city of Daloa, and the medium and 
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very high classes are located in a few places. The risk of contamination is 
considerable, given the presence of several sources of pollution in the city, namely 
domestic and hospital discharges, failure to respect the distance between water 
points and septic tanks, and the lack of hygiene measures for collection containers. 
A margin of error of 0.68% and a coincidence rate of 78.26% were obtained, both of 
which are satisfactory. In reality, the areas contaminated by heavy metals correspond 
to those where high vulnerability has been observed. These criteria indicate that the 
data interpolated from those collected are good enough to assess the vulnerability 
of those areas where it was not possible to measure the data. As a result, the entire 
city of Daloa needs to be monitored for intense human activity that tends to pollute 
groundwater. However, a solute transport model would give the vertical transfer 
time of the pollutant from the soil surface to the piezometric surface. 
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