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ABSTRACT

The pollution generated by human activities in the area “Vridi canal-Grand Bassam” puts more at risk the quaternary
groundwater that supplies water to a large part of the population of the southern part of Abidjan city. This paper deals
with the combined approach of geographic information systems and multicriteria analysis to delineate areas at risk of
pollution of groundwater in the study area. The multicriteria analysis also incorporated the statistical and geostatistical
techniques for defining the factor ratings and weightings of all the parameters under a GIS environment. The criterion
for these factor ratings and weightings was the correlation coefficient of each parameter with the nitrates concentration in
groundwater. Two indicators were combined for creating situations of pollution risks according to their importance: the
intrinsic vulnerability indicators which combined the depth to groundwater, the net recharge, the slope, the soil media,
the unsaturated hydraulic conductivity and extrinsic vulnerability characterized by the land use. The results showed that
all to the site presents nitrate pollution risks with 50.7% of moderate risk, and 49.3% of high and very high risks. The
areas which present the highest risks of pollution are the densely urbanized communes of Treichville, Marcory, Kou-
masi, Port-Bouét and Grand-Bassam. The sensitivity analysis indicates that parameters causing high sensitivity on the
nitrate pollution risks map are the depth to groundwater and the recharge. The errors committed on the maps establish-
ment are £0.15%, +0.40% and +6% respectively for 7V map, EV map and pollution risk map.
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1. Introduction model has been widely used in many countries because
the inputs required for its application are generally avail-
able or easy to obtain. It is based on seven parameters to
be determined as input for computing the DRASTIC in-
dex number, which reflects the pollution potential for the
aquifer [2-5]. However, the major drawback of this method
is the subjectivity of the determination of the rating scale
and the weighting coefficients. The combination of GIS
and MCA is a powerful tool to solve the groundwater vul-
nerability problem. Indeed, GIS provides efficient mani-
pulation and presentation of the data and MCA provides
consistent ranking of the groundwater vulnerability based

Groundwater resource protection has become a critical
issue worldwide. One of the approaches widely used to
protect groundwater quality and reduce human health
risks consists in assessing and mapping groundwater vul-
nerability to contamination. The term groundwater vulne-
rability includes two basic parameters: intrinsic vulnera-
bility (IV) and specific vulnerability [1]. The former de-
fines the vulnerability of groundwater to contaminants ge-
nerated by human activities, taking into account only the
inherent hydrogeological characteristics of the area, and

is independent of the nature of the contaminants. The lat-
ter is specified for a particular contaminant or group of
contaminants. The most common vulnerability assess-
ment techniques used is the DRASTIC system [2]. This
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upon a variety of criteria. This combination of GIS and
MCA has already been used for solving the groundwater
potential zone delineation problem and landfill site selec-
tion [6-8].
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The objective of this study is to assess the groundwater
pollution risks in area of Vridi chanel to Grand-Bassam
in Abidjan city (Cote d’Ivoire) using a GIS modeling com-
bined with a MCA and statistical procedures.

2. Materials and Methods
2.1. Study Area

The study area is located in the South of Céte d’Ivoire. It
covers the area between latitude 5°12'S" and 5°20'15"N
and longitude 4°4'57" and 3°43'19"W. It is divided into
five communal zones namely Treichville, Marcory, Kou-
massi, Port-Bouét and Grand-Bassam (Figure 1). The
population is estimated at 880,712 inhabitants [9]. This
area is under the influence of the equatorial transition cli-
mate with four distinct seasons: a long dry season (De-
cember to April), a long rainy season (May to July), a
short dry season (August to September) and a short rainy
season (October to November). The study area is located
in the coastal sedimentary basin and covers 253 km® and
is characterized by a flat relief. Various geological for-
mations of Quaternary age are found in this zone. These
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include clayey sands reaching 15 to 30 m thickness, mud
and sands from the fluvio-lagunal depression, and marine
sands reaching up to 45 m thickness. It is a sandy aquifer
that receives high recharge. The permeability of the sur-
face deposits of this aquifer system ranges from 107*
m's ' to 10 m's' for the clayey sands and 10~ m-s™' for
marine sands [9]. Groundwater flow velocity in the aqui-
fer is high and can be regarded as relatively uniform.

2.2. Data Collection and Factors Establishment

2.2.1. Intrinsic Vulnerability Parameters

The assessment of Intrinsic Vulnerability (IV) in this stu-
dy made up possible using the following parameters: depth
to water (D), net recharge (R), aquifer media (A), soil type
(S), hydraulic conductivity of the unsaturated zone (K)
and slope (T).

Depth of water (D)

The depth of water influences the transfer of pollutants
from surface to groundwater resources [10]. According
to [11] when the water table is shallow, the transfer time
of pollutants is low, increasing the risk of contamination.
In contrast, the level of groundwater pollution decreases
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Figure 1. Sampling and measurement points in the study area.
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with increasing depth. In the study area, Depth to ground-
water distribution was produced based on water level
measurements contacted in 127 wells interpolated by
ordinary kriging method. Water levels have been moni-
tored using a graded tape that provides sound signals
when it touches water in the well, with an accuracy of 2
mm.

Net recharge (R)

The net recharge that is the total amount of water that
seeps into the soil surface to groundwater on an annual
basis is the main factor for the leaching and transport of
contaminants to the groundwater. The chance for conta-
minants to reach groundwater is important and depends
on the recharge level [8]. Considering the data availabil-
ity in the study area, the water-table fluctuation method
was used in this study to estimate net groundwater re-
charge as described by [12]. Point estimates of the net re-
charge at 127 sites were interpolated by ordinary kriging
technique to obtain a spatial map of net recharge.

Aquifer media (A)

Aquifer media map constructed by [9] was used for the
determination of the Quaternary aquifer media in this
study. It is characterized by medium and coarse sand.
The most dominant formations are medium sands that
cover almost all of the study area.

Soil media (S)

Topsoil properties control the amount of water that can
seep into the soil and reach groundwater [13]. According
to [11] permeable soils (sands and gravels) allow a large
amount of water to infiltrate to the water, making the
groundwater more vulnerable, while the less permeable
soils, such as clays, reduce infiltration, making it less vul-
nerable to pollution. It represents the first layer of the va-
dose zone which controls the amount of recharge that can
seep down [8]. Soil samples were taken at 50 sites. Care
was taken to make sure that these samples were repre-
sentatives of important patterns of particle-size distribu-
tion in soils of the study area. Soils were sampled using
an auger and the cores were bulked and stored in poly-
ethylene bags. In these samples, particles < 63 um (i.e.,
silt and clay components) were uncommon. Organic mat-
ter was removed using 30% H,0,. The sand fraction
(>63 um) was dried and processed by dry sieving tech-
nique. Soil media was determined from grain sizes using
the methods developed by [14,15].

Topography (T)

The topography represents the variability of the slope
of the land surface. The slope is a critical parameter with
direct control over runoff and therefore over infiltration
[16]. Indeed, with low sloping, runoff is slow and allows
rainwater to seep into the subsurface, whereas highly
sloping areas facilitate runoff [17]. Due to lack of a good
topographic map for the study area, a topographic map
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was constructed for the needs of the present study by
global positioning system leveling based on 306 sites
uniformly spread in the whole extent of the study area. A
digital elevation model (DEM) of the study area whose
values varied from 0 to 16 m was generated from this to-
pographic map. The slopes in the study area were then
derived from the DEM.

Hydraulic conductivity (K)

The hydraulic conductivity of the aquifer was deter-
mined by a double ring infiltrometer method at 50 sites.
Litter was cleared from 1.0 - 1.5 m% on soil surfaces that
were not disturbed and metal rings (inner 13 cm diameter,
outer 30 cm diameter, height 25 cm) were driven verti-
cally into the soil for about 10 cm so that the smaller ring
was centered in the larger ring, using a hammer. Both
rings were partially filled with water, thereby maintained a
constant liquid level. The volume of water added from
the graduated cylinder into the infiltration rings to keep
the water levels constant is equal to the measure of the
volume of liquid that infiltrates into the soil. After stabi-
lization of the water flow, the volume ¥ (m®) of water in-
filtrated for a time # (s) is measured. The infiltration flow
g (m*/s) is evaluated by Equation (1):

g=— (M

Darcy’s law is applied according to the infiltration sur-
face S (m?) equal to the section of cylinder and the hy-
draulic gradient by Equation (2):

_r
St

The value of the vertical gradient is equal to 1 and K is

. -1
expressed in m's .

2

2.2.2. Extrinsic Vulnerability Parameter

Land use

Extrinsic vulnerability is characterized by the level of
land use. To determine of the land use types in the study
area, the land use map of Abidjan city and vicinity was
used. This map produced by National Office of Engi-
neering and Development studies (BNETD) at a scale
1/200,000, was scanned and digitized to obtain the land
use layer.

To assess the actual pollution occurrence in the study
area, groundwater samples were collected in the dry pe-
riod (March) of 2007 on a sampling network including
127 sampling points. The sampling points were selected
based on the geographic location of wells and boreholes
and the use of the wells and boreholes as sources of wa-
ter for drinking purpose. Figure 1 shows the location of
the selected wells and boreholes. Water samples collec-
tion from wells and boreholes was carried out according
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to the procedures described by [18]. Samples from wells
were collected with weighted bucket (50 cm below the
water table). For boreholes, samples were taken after
pumping for 5 min. The tap and the bucket were cleaned
before sampling and caution was taken to avoid splash-
ing. Samples were collected in 500 mL polyethylene bot-
tle. Once collected, all samples were stored on ice and
immediately transported to the laboratory. Nitrate analy-
ses were processed within 6 hours after collection. Ni-
trates were analyzed by spectrometry according to French
standard NFT 90-012.

2.3. Factors Classification and Standardization

The rating scale of [V parameters is accomplished by us-
ing the mean of every class of each parameter defined in
the DRASTIC model. Following the check that was car-
ried out using the Wilcoxon rank-sum nonparametric sta-
tistical test [19], it was ascertained that the mean of two
neighboring classes, did not differ statistically. Classes were
grouped in such cases, while for non-continuous para-
meters (parameters with discrete classes, e.g. aquifer type)
all the categories existing in the area were maintained,
regardless of statistical diversity.

In Table 1 the parameter classes, as well as the corre-
sponding rating of each class or group of classes and the
average nitrates concentration are presented. Rating val-
ues were derived using the mean nitrates concentration of
each class reduced to a ten-grade scale.

The next step is the determination of the weighting
factors. The factor weights were assigned according to
how important each factor was. To make the process of
assigning factor weights more objective, a pairwise com-
parison was applied in which only two criteria were con-
sidered at a time. The implemented technique of the pair-
wise comparison of factors was developed by [20] in the

context of a decision-making process known as the Ana-
lytical Hierarchy Process. In the procedure for multicri-
teria evaluation in the present study, using a weighted li-
near combination, it was necessary that the assigned fac-
tor weights sum to 1. In the technique developed by [20],
factor weights can be derived by taking the principal ei-
genvector of a square reciprocal matrix of pairwise com-
parisons between the criteria. The comparisons concern
the relative importance of the two criteria involved in de-
termining suitability for the assessment of pollution po-
tential. This relative importance was determined on a nu-
merical scale of 9 levels [21] based on the study of the
correlation of each parameter of /V with the nitrate con-
centrations for the 127 sampling points of the research
area. For the calculation of the quantitative correlation
between the discrete (nominal) parameters and the nitrate
concentrations, their factor scores were used. Addition-
ally, due to the fact that the factor scores vary with an in-
terval scale, the correlation was calculated using the Spear-
man’s correlation coefficient which is advisable for such
type of parameters. In the case when one of the coeffi-
cients is not statistically significant, the corresponding
parameter will be excluded from /V indicator as recom-
mended by [22]. Table 2 gives the pairwise comparison
matrix for weighting assigned in intrinsic vulnerability
parameters, respectively.

The values of the parameter vectors were obtained by
calculating their geometric mean by line [7] (Equation

(3)):
v, =[N 3)
Vi = load vector of each factor; Ni = Value of each

factor.
The weighting coefficient (W) of each factor is given

Table 1. Ratings of the intrinsic vulnerability parameters.

Depth to water (m) Net recharge (mm) Slope (%)
Range Mean NOj Rating Range Mean NO;  Rating Range Mean NO; Rating
0-1.5 88.09 10 0-50 72.59 10 0-2 233 4
1.5-45 56.2 6 50 - 100 45.38 6 2-6 40.7 8
45-9 27.24 3 100 - 180 59.4 8 6-12 53.7 10
>180 323 4
Hydraulic conductivity of the unsaturated zone (m-j ") Soil type (nm) Land use
Range Mean NOj Rating Range Mean NO;  Rating Range Mean NO; Rating
0.01-13 95.5 10 Medium sand 532 10 Urban area 66.02 10
1.3-39 53.14 6 Coarse sand 42.3 8 Land no occupied 25.33 5
39-8.6 53.9 6 Coconut-Palm 22.77 4
8.6-13 37.9 4 Rural area 18.95 3
13-242 45.18 5 Swamp 7.00 1
>24.2 38.51 4 Forest 5.50 1
Open Access JEP
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Table 2. Pairwise comparison matrix for weighting assigned in intrinsic vulnerability parameters.

Depth to water Net recharge Soil type Slope Unsaturated zone Load vector
Depth to water 1 1/3 3 3 5 1.718
Net recharge 3 1 5 5 7 3.50
Soil type 1/3 1/5 1 1 3 0.725
Slope 173 1/5 1 1 3 0.725
Unsaturated zone 1/5 1/7 1/3 173 1 0.316

as follows (Equation (4)):

W, =—" 4)

The grade of each land use category was derived simi-
larly in accordance with the revision of the rating scales
of the IV’s parameters. Namely, the mean nitrates con-
centration in each land use category was used, reduced in
a ten-grade scale.

2.4. Factors Aggregation

In order to combine information from various parameters
in each indicator, an aggregation procedure should be ap-
plied. The most commonly used vulnerability assessment
methods apply an aggregation technique known as the
weighted linear combination, where parameter or indica-
tor scores are multiplied by their factor weight and then
summed to yield the vulnerability score.

Pollution risk index based on 3 scenarios have been
designed using the change in the relative importance of
IV and EV (Table 3). Thus, groundwater vulnerability
results were grouped in 3 distinct classes: low (0 - 2.5),
moderate (2.5 - 5), high (5 - 7.5) and very high (7.5 - 10).

2.5. Uncertainty and Sensitivity Analysis

Sensitivity tests were used as supporting experimental
evidence for GIS-MCA model implementation to remove
the doubt about the accuracy of the model. In this con-
tribution, the aspects related to the uncertainty analysis,
the influence of the map removal and the single-param-
eter sensitivity analysis were only used.

Uncertainties: The uncertainty of each parameter was
calculated using Equation (5):

o
AX =— 5)
Jn

with AX uncertainty on average of the data series, o

standard deviation, n number of data.
An expansion factor (k) is then calculated in order to
determine the confidence interval by Equation (6):

|E-¥]

k=——

o

Q)
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where k is the expansion factor, E is the extreme value of
the statistical series which can be the maximum or the
minimum of this series. Confidence levels of the differ-
ent parameters have been deduced from different values
of k. Thus, k = 1 for a confidence of 68%, k = 2 for a
confidence of 95%, k =3 for a confidence of 99%.

Map errors: The errors of /V and EV index on the maps
were calculated by the following formula (Equation (7)):

”

E :%xmo )

with E,, the error (%) committed on the map of IV or EV
index; U, the uncertainty on the map of 7V index (U,
or EV index (U,.g); I, IV index (I;y) or EV index (Igy).

The error of the final map (map of pollution risk areas),
Ej; was obtained by the following calculation (Equation

8)):

U U,

ncE —_ ~ nel

= %100 (8)

IEV _IIV

Two sensitivity tests were performed: the map removal
sensitivity analyses introduced by [23] and the single-pa-
rameter sensitivity analysis introduced by [21].

The map removal sensitivity measure identifies the sen-
sitivity of the /J map towards removing one map from
the suitability analysis and is computed in the following
way (Equation (9)):

V. Vi

N n

S = )

where S is the sensitivity measure expressed in terms of
variation index, V and Vi are the unperturbed and the per-
turbed vulnerability indices respectively, and N and » are
the number of data layers used to compute " and Vi. The
actual vulnerability index obtained using all seven para-
meters was considered as an unperturbed vulnerability
while the vulnerability computed using a lower number
of data layers was considered as a perturbed one.

The single-parameter sensitivity measure was develop-
ed to evaluate the impact of each of the intrinsic parame-
ters on the vulnerability index [24]. It has been made to
compare the effective weight of each input parameter in
each polygon with the GIS-MCA modeling weight as-
signed by the model. The effective weight of each poly-
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Table 3. Pairwise comparison matrix for weighting assigned in vulnerability factors.

Intrinsic vulnerability Extrinsic vulnerability Load vector Weighting coefficient
Scenario 1: same weight

Intrinsic vulnerability 1 1 1 0.5
Extrinsic vulnerability 1 1 1 0.5

Scenario 2: intrinsic vulnerability > extrinsic vulnerability
Intrinsic vulnerability 1 3 1.73 0.75
Extrinsic vulnerability 1/3 1 0.58 0.25

Scenario 3: intrinsic vulnerability < extrinsic vulnerability
Intrinsic vulnerability 1 1/3 0.58 0.25
Extrinsic vulnerability 3 1 1.73 0.75

gon is obtained using the following formula (Equation
(10)):

PxP
W=%><100 (10)

where W refers to the effective weight of each parameter,
P, and P, are the rating value and weight of each para-
meter and V is IV index.

3. Results and Discussion

3.1. Intrinsic Parameters and Intrinsic
Vulnerability Map

The depth to groundwater was generally low throughout
the study area and varied from 0.2 m to 8.9 m. (D) para-
meter had high negative correlation with nitrates concen-
tration (Figure 2(a)). Hence, the deeper the depth to wa-
ter table the lesser the chance of pollutants to arrive to
the water table and the greater for pollutants to be atte-
nuated. Therefore, at low water table areas, pollutants
have less time to be removed by biological and chemical
processes such as reaction with existing material at soil
media and unsaturated zone, hence reach to groundwater
rapidly. However, at high water table areas, the mention-
ed processes have more time for removing the pollutants
and therefore aquifer has no pollution risk at these areas.
These findings are in agreement with those reported by
[25] who assessed Aquifer Vulnerability in Kherran Plain,
Khuzestan (Iran).

Net recharge values varied from 27.14 mm to 857.63
mm. The parameter (R) was also strongly negatively cor-
related with nitrates (Figure 2(b)). This can be explained
by a dilution phenomenon. Indeed, the main source of
groundwater recharge in the study area is precipitation
which percolates from the ground surface and infiltrates
through the soil and the unsaturated zone to reach the
aquifer. The first rains can easily transport a lot of conta-
minants to groundwater. With the intensification of rainfall,
the aquifer receives an important volume of water which
dilutes nitrates concentration of groundwater. Thus, the
greater the recharge, the lesser vulnerable is the aquifer

Open Access

to contamination.

The grain size average (Mz) varied from 389 um to
and 1019 pm. Using particle size classes defined by [14,
15], these soil sediments are medium sand (389 pm < Mz
<500 pm) and coarse sand (500 pm < Mz < 1019 pm).
These sandy formations were negatively correlated with
nitrate concentrations (Figure 2(c)). This significant cor-
relation reveals that the topsoil influence the nitrates con-
centration of the groundwater in the study area and it
may be attributed to the presence of reduction reactions
in the soil zone due to oxygen deficiency.

Generally, slope in the study area was low and its va-
lue was less than 2% (Figure 2(d)). Associated with a
higher hydraulic conductivity of unsaturated zone (Fig-
ure 2(e)), there is a relatively greater potential for ni-
trate pollution. That explains the significant correlations
obtained between these pollutants and (T) and (K).

Unlike other previous parameters, (A) is not statisti-
cally significant (Figure 2(f)). This reflects the lack of
heterogeneity of the lithology of the aquifer which can
change the migration speed of the flow of pollution. This
parameter should be excluded.

Therefore, the /7 index map was computed applying a
combination of (D), (R), (S), (T) and (K) parameters.
This map shows moderate to very high intrinsic vulner-
ability (Figure 3). Urban areas of Treichville, Marcory,
Koumassi, Port-Bouet and Grand-Bassam were characte-
rized by high to very high intrinsic vulnerability. This was
due to the combination of low depth to water and low to
moderate net recharge. These high to very high vulner-
able zones cover 61.87% of the study area. Overall, the
moderate intrinsic vulnerable zones (38.13%) were found
in rural areas (Anani, Modeste, Maffiblé and Vitré I).
These zones were characterized by relatively high net re-
charge (180 mm - 857.6 mm) and depth to water (4.5 m -
8.9 m). However, in the villages of Abouabou, Ellokro
and Vitré II, the aquifer presented high intrinsic vulner-
ability to pollution. This pattern is mainly related to mo-
derate recharge (100 mm - 180 mm) and low depth to
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Figure 2. Distribution of groundwater nitrates concentration for the statistically different classes of Depth to water (a), Net
recharge (b), Soil type (c), Slope (d), Hydraulic conductivity of unsaturated zone (e) and Aquifer type (f) parameters.

water (1.5 m - 4.5 m).

3.2. Extrinsic Vulnerability Map

The extrinsic vulnerability map (Figure 4) indicates that
most of the urban centers (Treichville, Marcory, Kou-
massi, Port-Bouét and Grand-Bassam) which cover 36%
of the study area had high extrinsic vulnerability to pol-
lution because of the important potential source of nitrate
pollution in these zones. Crop (palm, coconut), non-cul-
tivated and rural zones produced a relatively high nitrates
concentration but below the World Health Organization
guideline value (50 mg-L™"). These zones were charac-
terized by moderate extrinsic vulnerability and cover more
than half (59%) of the study site. However, swamp and
forest areas which generated few pollutants had low ex-
trinsic vulnerability. These zones only cover 5% of the
study site.

3.3. Map of the Risk of Nitrate Pollution Risk

The average calculated index of IV and EV are 6.10 +
1.25 and 6.00 £ 3.21 respectively. It appears that the 7V
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and EV index were statistically similar. This indicates an
equal contribution of these two indicators in assessing of
nitrate pollution risk of groundwater in the study area.
Hence, the pollution risk map (Figure 5) corresponds to
combination of indicators from scenario 1 (Table 3).

The risk classes obtained from the model varied from
moderate pollution risk to very high pollution risk.

Villages of Maffiblé, Anani, Abouabou, Ellokro, Mode-
ste, Moossou, Vitré I and Vitré II were located in the mo-
derate pollution risk zones (MPRZ) covering 50.7% of
the study site. No industrial activities were found in the
MPRZ.

The very high pollution risk zones (VHPRZ) and high
pollution risk zones (HPRZ) were mainly located in the
west, southwest and east of the study area. This pattern is
attributed to the fact that VHPRZ and HPRZ coincide
with areas of high population density at Treichville, Mar-
cory, Koumassi, Port-Bouet and Grand-Bassam. More-
over, in these zones urban and industrial activities are
concentrated. On the other land, these zones have high
intrinsic vulnerability. VHPRZ and HPRZ cover 49.3%
of the study area. Some high pollution risk zones can also
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be seen in the outskirts of sectors such as Abouabou, ment of traditional agricultural farms, the use of pit la-
Ellokro, Moossou Vitré 1. This was due to the develop- trines which can be potential sources of nitrogen pollu-
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tion in these rural areas.

3.4. Sensitivity Analysis

The uncertainty analysis computed by determining con-
fidence levels is presented in Table 4.

All parameters of /7 had low uncertainties with con-
fidence levels of 99% for (D), (S), and (R), 95% for (T)
and 68% for (K). Accordingly, the variation coefficients
were low on the parameters (S) (23.22%), (D) (32.32%)
and (T), and high on parameter (K) (67.58%). The net re-
charge had also high variation coefficient of 71.24%.

These low uncertainties can be attributed to low meas-
urements and sampling errors of the field data collected
or low spatial sources of variation at distances smaller
than the sampling interval or both. Furthermore, the ap-
plication of the ordinary kriging to produce value predic-
tion surfaces of the parameters using their spatial conti-
nuities achieved unbiased estimations. This gives a high
reliability to the map these parameters allow us to make.

Table S shows the results of calculation errors on the
maps of extrinsic vulnerability, intrinsic vulnerability and
nitrate pollution risk. The errors are +0.15% and +0.40%
respectively on IV and EV maps. The nitrate pollution
risk representing the combination of the two previous
maps gave a low error percentage of +6%. Therefore, the
confidence levels of these maps were 68% for EV and

Open Access

95% for IV and nitrate pollution risk. This indicates the
final map has a high reliability to be a decision making
tool for developing plans and regulations and in imple-
menting actions to reduce human health risks.

3.5. Map Removal Sensitivity Analysis

Table 6 shows the statistics on sensitivity to removal of
one statistically significant parameter on the 7V values.

The most sensitive parameters to contamination were
net recharge and depth to water, followed in importance
by soil media, topography, and hydraulic conductivity of
unsaturated zone. The highest values were associated
with (R) (0.410) and (D) (0.236). The parameter (K) show-
ed the lowest sensitivity value (0.054). In comparison,
the measure of (R) influence on the 7V index obtained in
this study is consistent with that of [13] who found the
removal of (R) caused large variation in aquifer vulner-
ability index in Kakamigahara (central Japan).

Table 7 shows the statistics of the calculated effective
weights. (R) and (D) show the highest effective weights.
This means these parameters are the most significant en-
vironmental factors which dictate the high vulnerability
of the Quaternary aquifer. As shown in this table, the ef-
fective weight for each parameter coincides with the
weight assigned by the GIS-MCA model. This indicates
GIS modeling associated with MCA in this study re-
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Table 4. Statistics of the vulnerability factors.

Parameter Minimum Mean Maximum Standard deviation Uncertainty CV  k Confidence level (%)
S (um) 389.00 636.02 1019.00 147.66 +1.040 2322 3 99
T (%) 1.66 6.54 11.43 2.34 +0.016 3575 2 95
D (m) 0.20 4.56 8.95 1.47 +0.010 3232 3 99
R (mm) 27.14 254.64 857.63 181.42 +1.278 7124 3 99
K (mj) 1.07 60.22 313.19 40.73 +0.287 67.58 1 68
IV index 42 5.94 8.8 1.24 +0.009 2092 2 95
EV index 1 5.71 10 3.20 +0.023 56.07 1 68
Pollution risk index 2.78 5.83 9.4 2.07 +0.014 3560 2 95

Table 5. Errors committed on the vulnerability maps.

Maps Errors committed
Intrinsic vulnerability map +0.15%
Extrinsic vulnerability map +0.40%
Pollution risk map +6%

Table 6. Statistics of the map removal sensitivity analysis.

P]i‘:::i:;r Minimum Mean Maximum 22?;::;53
S 0.00 0.086 0.23 0.059
T 0.00 0.075 0.23 0.057
D 0.00 0.236 0.16 0.039
R 0.22 0.410 0.84 0.179
K 0.15 0.054 0.39 0.058

Table 7. Statistics of the single parameter sensitivity analy-
sis.

. Effective weight (%)
Theoretical
weight (%)  Min Mean Max Standard
deviation
S 10.00 9.30 9.70 21.10 2.70
T 10.00 8.08 10.17 21.01 0.057
D 25.00 0.109 24.7 30.6 0.039
R 50.00 35.71 51.46 61.06 0.179
K 5.00 2.29 4.54 7.14 0.058

duced subjectivity in the selection of rating ranges and
increased reliability for assessing Quaternary aquifer vul-
nerability to contamination.

4. Conclusions

The nitrate pollution risk zones mapping of the study
area is a decision-making tool for developing plans and
regulations and in implementing actions to reduce human
health risks.

Thus, VHPRZ and HPRZ are considered as unable to
provide better access to drinking water safety. Installa-
tion of water supply for drinking in the MPRZ should be
preceded by consultations with experts in hydrogeology.

Open Access

In this way, precautions to control risks must be taken.
These might include the establishment of proper distanc-
es to sources of pollutants such as latrines or farms, ide-
ally defined based on the travel time between wells and
sources of pollution, achieving a proper finishing well-
head equipped with a hand pump, using a mortar joint in
the coating of dug wells, installation and maintenance of
a hand pump, or other means no health risk to extract wa-
ter.

The evolution of soil and its geomorphology evolution,
anthropogenic activities and climatic variations can change
the geological, geomorphological and hydrogeological
parameters considered here for assessing of quaternary
groundwater vulnerability. The use of a GIS can view
and easily update the zoning established.
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