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Abstract

The protection of aquifers is a major concern for the authorities, especially in
areas where there are large agro-industrial exploitations. The objective of this
study is to define a new method of aquifer protection based on the characte-
ristics of the structures of aquifers. The intrinsic vulnerability mapping me-
thod, PaPRI was used. It is a variant of the PaPRIKa method applied in kars-
tic environment which has been adapted for its application in basement en-
vironment. This method uses three factors, including aquifer protection (P),
using the soil cover, the unsaturated zone and the thickness of the alteration
layer, (R) for the rock type and (I) for infiltration which including slope and
drainage density. PAPRI is a method based on the weighting of different fac-
tors. The results obtained show 4 classes that evolve from low vulnerability
classes (5% of the study area) to high and very high vulnerability classes
(58%) and average vulnerability classes (37%). The classes of high and very
high vulnerability, which indicate the zones that are very exposed to pollu-
tion, are more present in the central-northern part of the study area, with a
few appearances towards the south. These zones could be related to topogra-
phy due to the often very high slopes observed in the area. One of the advan-
tages of this new method lies in the characterization of the alterations that
strongly influence the migration of pollutants towards the water tables ac-
cording to their nature and their thickness.
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Watershed, Cote d’Ivoire

1. Introduction

Groundwater resources play an important role in meeting water supply re-
quirements due to anthropogenic activities and regional climate changes that
reduce or render water resources unsuitable for consumption [1]. However, this
groundwater is very vulnerable to pollution. The monitoring and actions to fight
against possible contamination are among the most important concerns of water
managers around the world [2]. However, the assessment of vulnerability to
pollution is very important to understand the pollution of groundwater resources
and how to better protect these resources [3] [4]. Given this situation, a project
was developed to study the quality of groundwater resources. Several methods
have been adopted to assess the vulnerability. There are DRASTIC [5], GOD [6],
AVI [7], SINTACS [8] and many other small methods including the properties
of the environment (DISCO, DRASTIC-fm, DRATIC-P, DRASTICLU) have
been studied [9]. However, all these methods, although effective, only allow the
evaluation of vulnerability to pollution in a punctual way, Ze. corresponding on-
ly to the area concerned by the study. The elaboration of a methodology for the
mapping of protection perimeters appears essential. This is especially necessary
in large agricultural production areas where contaminant inputs may be signifi-
cant, as is the case in our study area, which contains large agro-industrial farms
[10]. This method has already been the subject of several works in karstic envi-
ronment through several versions, the last one being PaPRIKa [11] [12] [13]. In
basement zones, it has also been the subject of several studies where it has pro-
duced important results [14] [15] [16]. In spite of these results, there are some
shortcomings related to the effective consideration of the thickness of certain
layers. The objective of this study is therefore to develop a methodology to map
the protection zones of groundwater catchments in the midst of basement aqui-

fers.

2. Material and Methods
2.1. Study Area

The Ehania watershed (Figure 1) site of this study is located in the extreme
south-east of Cote d’Ivoire between longitudes 2°45W and 3°05W and latitudes
5°10N and 5°45N. It covers about 342 km®.

The region has a tropical climate characterized by four seasons with two dry
(large and small) and two wets (large and small). The geological formations vary
from shale in the northern part to sedimentary formations in the south. These
different types of geological formations indicate the existence of different aqui-
fers which are aquifers in sedimentary formations (Quaternary and Tertiary),

weathered and fractured aquifers. Concerning topography, the relief is very
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Figure 1. Location of study area.

rugged with altitudes generally ranging from 100 to 200 m to 400 m. The hydro-
graphic network which is an indicator of recharge is very dense in the North and
less dense in the South. The soils are composed of reworked soil and sometimes
with some portions of hydromorphic soil and pseudogley gley especially along
the Ehania River.

The formatter will need to create these components, incorporating the appli-

cable criteria that follow.

2.2. Material

Material used includes field equipment, cartographic, alphanumeric data and
software. The field equipment is composed of the GPS and the piezometric
probe to determine the coordinates of the points and to measure the water levels
in the boreholes. The data used includes geological and soil maps and digital
elevation model images of the study area. Alphanumeric data consisting of bo-
rehole data sheets and hydroclimatic data were also used. The processing of
these data was done using ARCGIS software. It is a cartographic software that
allowed the input of the databases and the realization of the different criterai

maps.

DOI: 10.4236/jep.2021.121001

3 Journal of Environmental Protection


https://doi.org/10.4236/jep.2021.121001

B. Dibi et al.

2.3. Methods

2.3.1. Determination of Different Factors
This method uses three criteria (P, R and I) of which P represents the protection
of aquifers, R the type of rock and I which represents infiltration.

Factor P: It represents all the criteria that contribute to the protection of the
water table from infiltration. It characterizes the ability to reduce the rate of
pollutants or their rate of transfer to the water table. It depends mainly on the
nature of the soil, the thickness of alteration and the thickness and fracturing of
the unsaturated zone. Soil is the first layer that receives pollutants. It plays a first
filtering bed preventing a certain number of pollutants from passing through it
depending on its nature. A textural analysis was carried out in the area by [17]
distinguished silty-clay, sandy-clay, clayey-sandy and sandy soils. In this study,
the thickness is considered to be uniform and corresponding to the first level de-
fined by [17] which varies from 0 - 10 cm. The weathered layer is represented by
its nature and thickness. It is shallower on massive grained rocks such as gra-
nites, where the first layer is generally sandy with high permeability and an in-
durated upper level but lies on a clayey-sandy horizon of very low permeability
[18]. It is, however, very important on shales with a good clay content. Studies
have shown that productivity increases with depth up to 30 m [19]. From this
depth, productivity decreases with depth. On the basis of the values obtained in
the zone, the following classes have been identified. The unsaturated zone
represents the area between the soil surface and the water level in the aquifer. It
remains variable from one zone to another. However, in most cases, in addition
to alteration formations, it closes the fissured rocks. It differs from the thickness
of the alteration by taking into account the fractured section. As for the thick-
ness of the unsaturated zone, it was determined from piezometric levels and
corresponds to the difference between the altitude of the water point considered
and the static water level in the structure.

Factor R: This factor designates the aquifer Reservoir characterized by the li-
thological nature and fracturing of the nature of rock [20]. It is to be appreciated
by considering the lithological nature which is made of either schists or granito-
ids. In addition to lithology, fracturing plays a primordial role, especially region-
al accidents or mega fractures. They serve as underground corridors. The frac-
turing is represented by the fracture density which is obtained from the fracture
map. Depending on their density, size, arrangement in the environment and
physical properties, fractures considerably modify the hydraulic properties of
basement rocks [21] [22].

Factor I: This factor concerns infiltration conditions. This infiltration is a
function of several parameters such as topographic slope and drainage density.
The slope is one of the most important parameters that condition infiltration.
The steeper the slope, the lower the infiltration. Thus, the lower the slope, the
greater the infiltration [23]. As for drainage density, the lower the drainage den-

sity, the greater the infiltration and vice versa [24].
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2.3.2. Weighting of Factors

For the development of the different criteria, the method of Saaty [25] based on

pair-wise comparison was adopted to determine the different weights. The pro-

cedure is based on the following steps:

e comparison of the relative importance of all the elements belonging to the
same level of the hierarchy, taken in pairs, in relation to the element of the
level immediately above;

e configuration of a reciprocal square matrix formed by the evaluations of the
ratios of the weights (K x K), K being the number of elements compared. We
get this way: a = ajj with ajj = 1 and aji = 1/ajj (reciprocal value) where a is
the value of each factor and 7 and j constituting the rows and columns. The
eigenvectors and the weighting coefficients are then calculated from their
geometric mean [10].

On this basis, the factor weights are determined from a series of pairwise
comparisons taking into account their importance in establishing the potentiali-
ty map [26]. This importance is determined on a numerical scale as shown in
Table 1.

The values from this table of verbal and numerical expression of the relative
importance of a pair of factors were then integrated into a calculation of eigen-
vector (Equation (1)) and weighting coefficient (Equation (2)) for each parame-
ter to determine the weighting coefficient of each criterion or factor (Tables 2-4)
[10].

Vl’i :nHNf 1)

V, = Eigenvector of each factor; V; = Value of each factor. The weighting

coefficient ( W) of each factor is determined as follows:

Wi [ (2)

2.3.3. Determination of the Vulnerability Index

The calculation of the global vulnerability index allows the estimation of the
contours of the protection zones. It was done on the basis of the DISCO method
[27] which was designed to adapt to fissured environments by taking into ac-
count the relative importance of the different criteria as proposed by the DISCO
and PaPRIKa methods. According to [11], the most important factor could be
infiltration (I), since a large infiltration would be responsible for a high risk of
degradation of groundwater quality in these locations. The weights were calcu-
lated using Saaty’s [25] paired comparison method. Indeed, the vulnerability of
an aquifer system is not the result of several factors but the result of several pro-
tective layers whose effects accumulate [28]. The criteria taken into account are
P (protection of the aquifer), R (nature of the rock) and I (infiltration) (Equation
(3)). Table 5 presents the weights resulting from this approach.
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Table 1. Verbal and numerical expression of the relative importance of a modified pair of

factors [15].

Verbal expression of the relative importance of one

criterion in relation to another Notes
Less important 1/3
Slightly less important 1/2
Same importance 1
Slightly very important 2
Very important 3
Table 2. Table of weights for R factor.
Criteria Eigenvector Weighting coefficient
Fracturing density 1.73 0.60
Nature of Rock 1.24 0.40
Table 3. Table of weights for P factor.
Criteria Eigenvector Weighting coefficient
ZNS 1.82 0.40
Weathering layer 1.51 0.35
Soil 1.22 0.25
Table 4. Table of weights for I factor.
Criteria Eigenvector Weighting coefficient
Slope 1.73 0.60
Drainage density 1.24 0.40

Table 5. Table of criteria weights.

Factor Eigenvector Weighting coefficient
Infiltration (i) 1.59 0.50
Protection (p) 0.79 0.25
Reservoir (r) Nat 0.79 0.25
DOI: 10.4236/jep.2021.121001 6 Journal of Environmental Protection
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Vg=il+pP+1R (3)

With I, P and R represent the different factors and i, r and p are the weights of
these factors.
Equation (3) becomes Equation (4):
Vg=0.51+0.25P +0.25R (4)

2.3.4. Determination of Pollution Vulnerability Classes

The different classes of vulnerability to pollution were determined from five col-
ors used to represent the degree of vulnerability at each point in the study area.
Thus, blue represents the class of very low index, green for the low index class,
yellow for the average class, brown for class 3 indicating a high index and red for
class 4 indicating a very high index [16] [29] (Table 6).

3. Result and Discussion
3.1. Result

3.1.1. Analysis of the Results of the Various Factors

The factor P (weighting = 0.35) map (Figure 2(a)) representing protection re-
mains dominated by the strong and very strong class, which covers 80 percent of
the study area. This class considered to be strong protection is found over almost
the entire study area where the geological formations are generally shale. These
classes are due to a significant weathering layer which is assumed to be richer in
clay. As for the low to average protection classes (20%), they are observed in the
shallows, especially for the low protection class. For the average protection class,
its presence is noted in the contact zones between the basement and sedimentary
formations as well as on generally granitic formations.

Factor R plays a role that represents the least important factor in the assess-
ment (Weighting Coefficient = 0.2) in terms of aquifer protection. For factor R,
the greater the index, the higher the vulnerability. The analysis of the results of
this factor (Figure 2(b)) shows that the basin is dominated by the class with the
highest protection (44%) which occurs in the central part and in the cen-
tral-northern part. In these areas, the aquifer rock is shale. As for the average
and low protection classes, which alone cover more than 50% of the Study Area,

they occur in the extreme north, south and central-eastern part of the study.

Table 6. Pollution vulnerability classes [29].

Vulnerability Index Classes Vulnerability Color
3.20 - 4.00 4 Very high Red
2.40-3.19 3 High Browm
1.60 - 2.39 2 Average Yellow
0.80 - 1.59 1 Low Green
00 -0.79 0 Very Low Blue
DOI: 10.4236/jep.2021.121001 7 Journal of Environmental Protection
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Figure 2. Maps of differents factors: (a) Factor P (Protection); (b) Factor R (Reservoir); (c) Factor I (Infiltration).

The analysis of factor I (Figure 2(c)) shows the 4 classes of vulnerabilities
identified. This factor, which reflects the capacity of the basin to resist or favour
infiltration, remains dominated by the low and average infiltration classes which
are found throughout most of the study area in areas where the river system is
relatively dense. In these areas, slopes are significant. The low infiltration classes
cover 39% of the surface and occur globally over the entire study area. As for the
high and very high vulnerability classes, they are more present in the southern
and central zones with a few weak occurrences in the north where the low slopes

are accompanied by low drainage density.

3.1.2. Map of Vulnerability to Pollution

The combination of all factors resulted in the intrinsic vulnerability map using
the PaPRI method. This map (Figure 3) allowed to distinguish 4 classes. Low
and medium vulnerability zones occupy about 42% of the total area of the study
area and are generally observed on shale or granitic formations with generally
moderate slopes. However, they are more present in the north-central sector
with a few isolated pockets in the central part. The high vulnerability class is by
far the most important class in the study area. It covers 47% of the study area. It
is reported in all sectors where average slopes with sedimentary formations and
shales coexist. While it is found over almost the entire study area, its presence is
more pronounced in the center and south. As for the very strong vulnerability
class, which covers 11% of the study area, it is generally found in the south and
central-western part of the study area with an appearance in the north in the lo-

cality of Diby. In these zones, the formations are generally composed of shale
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Figure 3. Map of vulnerability to pollution.

and slopes are low. These zones are considered areas to be monitored. In these
zones, implementation of any work that could cause damage to the water table
and water quality must be studied beforehand to assess the measures to be taken

according to the importance and objective of the operation.

3.2. Discussion

The PaPRI method presents itself as a new method for mapping the intrinsic
vulnerability of aquifers in fissured media. Like the PaPRIKa method, the PaPRI
method, specially designed for intrinsic vulnerability assessment, is based on
structural factors and hydraulic behaviours in accordance with the concepts of
[30] developed for karsts. The P factor that characterizes the protection of the
water table includes all the factors capable of acting as the first curtain that can
prevent pollutants from reaching the water table and fracturing. The capacity of
protection of the Ehania watershed lies in the existence not only of metamorphic
formations, but also in the importance of alteration layers. The nature of the
unsaturated zone, in addition to the alteration layer, still contains some of the
fissured rocks and enhances the protection of the underlying resources. The
combination of all these criteria added to a soil layer whose thickness remains
variable could explain the strong protective capacity of the aquifers. The impor-
tance of factor R depends on its ability to allow water to pass through it. Thus,
the harder or more resistant to the rock, the less water can pass through it. At
the level of basement formations, criterion R is strongly dependent on fracturing

and alteration that affects the hydrodynamic properties of the reservoir. As for
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the Factor I map, it is highly dependent on slope and drainage density. However,
slope remains the most important parameter. Indeed, according to the work of
[10], in areas with low slopes and high permeability values, groundwater availa-
bility varies from good to excellent. This means that in areas of low slopes, water
remains in contact with the soil longer and facilitates its infiltration compared to
areas of high slopes. The water is then quickly drained away, as indicated by the
work of [24] who showed that the higher the slopes and the greater the drainage
density, the lower the probability of water infiltration to the water table and vice

versa.

4. Conclusion

At the end of this vulnerability assessment study using the new PaPRI method,
important results were obtained. It made it possible to evaluate the intrinsic
vulnerability by combining several criteria which were grouped into 3 factors
according to their role in the transfer of and potential pollutants that flow with
it. The results obtained during this study made it possible to identify the differ-
ent zones of sensibility to pollution and to determine the areas to be protected.
In priority, thus, 58% of the area was identified as “vulnerable” zones, grouping
together the classes of strong and very strong requiring protection. These zones
can be observed over almost the entire study area with a concentration in the
south-west, central and southern sectors of the study area. The efficacity and
robustness of this method lie not only in the importance of the number of crite-

ria but also, and above all, in taking into account the thicknesses of these layers.
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