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ABSTRACT

The threat of agro-industrial exploitations on the quality of groundwater resources has become a major concern for the
world’s population, mainly in agricultural areas. To solve this problem, several methods such as vulnerability to pollut-
ants and statistics methods, have been adopted to protect these groundwaters. In this study, statistical tests were used to
determine the likely source of pollutants in the groundwater resources. First, we made a comparative analysis and then
analyzed pollutants parameters using Kohonen self-organizing map (SOM) which allows basic on the similarity to help
out any correlation between the physic-chemical parameters. To validate these results, a land use map was developed to
identify the sources of pollutants in production functions of different activities taking place on the catchment area. The

results indicate very high levels of certain pollutants such as NO;, CI” and SO;  with generally higher than World

Health Organization (WHO) standards values. These high levels observed could be attributed to the generally free na-
ture of aquifers alteration and sedimentary formations in areas of high agro-industrial production. The analysis of the
data from SOM method reveals a strong correlation between pollutants (NO;, SO; , Cl™) and conductivity showing
the likely origin of these surface pollutants, an origin that is linked to the existence of larges agro-industrials exploita-
tions. These results are reinforced by those of the overlay map of the sampling sites on the land use map, which shows a
strong coincidence between high values of pollutants and production areas of the pollutants that are agro-industrial ex-
ploitations. These areas of coincidence are observed in the north where banana’s industrials plantations are found less
visible and mostly in the southwest part which is one of the largest oil palm plantations in the world (36,000 hectares).
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1. Introduction through several studies [3,4]. These threats that concern-
ed developed countries were deported to developing coun-
tries such as Cote d’Ivoire. Several works have identified
the impact of agro-industrial exploitations on water re-

sources in general and particularly on the underground

The groundwater resources have become the best source
of drinking water in rural and urban populations in recent
years. However, this resource although considered safe
because supposed to be free from pollution, is threa-

tened due to the production of fertilizers and increased
agro-industrial farms [1]. According to [2], groundwater
resources are at higher risk as its remediation is very dif-
ficult. The major anthropogenic activities for continuous
groundwater quality deterioration are urbanization, indu-
strialization and agriculture run off.

The importance of these threats often results in the ac-
cumulation of nitrate in freshwater systems as it indicates
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waters [5-8]. Therefore, on Ehania catchment, in the south-
east of Cote d’Ivoire, these problems are exacerbated by
the existence of the largest agro-industrial palm oil plan-
tation in the world (36,000 hectares), more large banana
plantations (5000 hectares) [9] and many village planta-
tions of oil palm, rubber and cocoa [10]. Indeed, their
quality could be influenced by natural processes such as
soil erosion, precipitation, evaporation and dissolution of
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rocks [11]. These threats have been studied several times
in the region. However, these studies were limited to the
assessment of vulnerability to pollution that identifies
risk areas and sometimes potential sources of pollution
from the land. They do not show the traceability of pol-
lutants. Also, the mechanism underlying the mineraliza-
tion that shows the transfer mode of different pollutants
in solution is not manageable. Either, the use of statistical
tests could help to determine the likely source of pollut-
ants in the groundwater resources as it indicates by the
works of [8].

The aim of this study is to determine the probable ori-
gins of pollutants from mineralization process to separate
the anthropogenic causes deep from multivariate statisti-
cal tests origins. A statistical test will be conducted to
characterize the mechanisms that govern the transition to
different pollutants solution to identify their possible
origin. The results obtained will be validated by land use
map to identify areas of production of pollutants. This
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study will thus assess the impact of agro-industrial ex-
ploitations on groundwater quality.

2. Material and Methods
2.1. Study Area

The study area selected for this research project (Figure
1) is located in south-eastern Cote d’Ivoire, precisely in
the region of South-Comoé. It is located between West-
ern longitudes 2°45'W and 3°05'W and Northern latitudes
5°10'N and 5°45'N.

It covers about 342 km’. The area is in the tropical cli-
mate characterized by four seasons with two dry (large
and small) and two wet (large and small). The geological
formations are varied from shale in the northern part to
the sedimentary formations in the South. These different
types of geological formations indicate the existence of
different aquifers that are aquifers in sedimentary forma-
tions (Quaternary and Tertiary), weather aquifers and
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Figure 1. Study area.
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fractured. Concerning topographic, relief is very rugged
with elevations generally ranging from 100 to 200 m up
to 400 m. The hydrographic network which is an indica-
tor of recharge is very dense in the north and less dense
in the South where we have sedimentary formations.
Soils consist of reworked soil and sometimes indurated
throughout with some portions of hydromorphic soil and
gley pseudogley especially along the river Ehania.

2.2. Collect Datas

The physico-chemical data collected during the cam-
paign are composed of physical parameters (pH and elec-
trical conductivity) measured in situ using a multiparam-
eter probe. Samples were then collected on 31 sites and
stored at 5°C in a cooler for a laboratory analysis of the
Research Center for Oceanography (CRO) in Abidjan
(Cote d’Ivoire). Analytical methods vary depending on
the chemical elements, Ca®*, Mg>", CI” and HCO; by
titration (acid titration), Na" et K™ by atomic absorption
flame, Fe*', Mn®", SO, NO; spectrometry molecu-
lar absorption. The parameters have been treated by the
self-organizing map of Kohonen (SOM).

The satellitale images were then used for mapping the
land use. These Landsat ETM+ images in January 2000
and concern the scene 195-56.

2.3. Methods

2.3.1. Origin of Pollutants

In order to know the possible causes of pollutants ob-
served in groundwater, statistical tests were performed.
Thirst, we adopted standard methods [12] like spatial
analysis to assess spatial variation. Then the self-orga-
nizing map of Kohonen (SOM) [13,14] was applied. Due
to their efficiency, artificial neural networks (ANN) with
self-organizing map (SOM) algorithm are appropriate
methods to model non-linear data [15] and demonstrated
their utility in environmental decision-making [16-18].
The SOM method was adopted in this study because of
its high quality handle extreme data (Figure 2). It allows
by the similarity to get out a correlation between these
parameters. Thus, knowing the role of each parameter in
the groundwater resources and the various sources of
pollutants production, it is then easy to identify the likely
source of water pollution in the area.

The Self-Organizing Map (SOM) [13,14] was used to
classify the samples according to physic-chemical char-
acteristics. The data set was arranged as a matrix of 32
rows (i.e., the 32 sampling sites) and 6 columns (i.e., the
13 physic-chemical parameters). For more details con-
cerning the SOM algorithm and its applications, we refer
the readers [10,16-22].

We checked whether relevant groups of samples char-
acterized distinct groups by performing a hierarchical
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Figure 2. Classification of samples using physico-chemical
data through the learning process of the self-organizing
map. Numbers 1 to 32 represent samples.

cluster analysis (Ward’s linkage and Euclidean distance).
To do so, we used a new matrix (16 x 32, output neurons
x physico-chemical parameters) of the connection inten-
sity values estimated by the SOM. The number of clus-
ters was defined by applying the Davies-Bouldin index
(DBI), in which minimum values indicate low variance
within clusters and high variance between clusters [23].

The analysis was carried out using the SOM Toolbox®
[20] for Matlab® in a PC platform.

2.3.2. Elaboration of Land Use Map
The elaboration of land use map requires the use of satel-
lite images. For this study, we used the Landsat 7 ETM +
scene 195-56. It will allow mapping different layers which
could produce or contribute to produce pollutants.
Corrected images that cover the watershed Ehania
have been combined several times to identify the combi-
nation that would better discriminate between different
types of soil occupation. Thus, we conducted the princi-
pal component analysis (PCA), realizing the colored com-
positions and the normalized vegetation index (NDVI).
The training plots were subsequently chosen for the de-
termination of different types of land use. The resulting
map will subsequently subject to validation of results from
the confusion matrix and control plots.

3. Results and Discussions

Analysis of the various physical and chemical parameters
(Table 1) shows a large variability in parameters. First,
concerning the physical parameters, pH ranges of 4.2 to 7
with 84% of the samples having a value lower than 6.5,
recommended by the WHO standard. These values indi-
cate groundwaters in this zone are acids. Conductivities
remain below WHO standards despite the peaks observed
in places. The analysis of chemical characteristics shows
that the levels of the major ions particularly cations (Na',
K, Mg*, Ca*", Mn*, Fe*") are generally lower than
WHO standard. The analysis of the graph (Figure 3),
which characterizes the pollutants (NO;, Cl” and SO )
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Table 1. Mean and standard deviation of physico-chemical parameters.

Parameters Na* K* Ca” Ccr Mg** SO; NO, pH Cond. Sal. HCO, Fe** Mn*
Average 1.95 18.87 15.92 9.30 7.28 18.30 53.57 5.54 212.47 0.10 83.79 0.04 0.00

Stand. Dev. 0.21 2.64 1.89 18.84 0.86 37.07 39.49 0.79 219.29 0.11 9.95 0.04 0.00

WTO Stand. 150 12 270 200 50 250 50 6.5-8.5 2100 1000 200 0.3 0.1

Stand. Dev.: Standard Deviation; WTO Stand.: WTO (World Trade Organization) Standard; Unities: Na", K', Ca*, NO;, Sal. (Salinity), HCO;, Fe?!, Mn*,

Cl', Mg*" and SO are in mg/L; Cond. (Conductivity): us/Cm.
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Figure 3. Spatial variation in concentrations of major pollutants (NO;, SO} , CI").

shows that the concentrations of CI” and SO;  are low
and below WHO standards despite the peak obtained at
the 31 corresponding to the sample borehole village Diby.
This could be attributed to an accidental pollution. For
NO;, these concentrations vary between 2 and 115 mg/L
with an average of 53.57 mg/L, which is higher than the
WHO standard.

These concentrations vary from one well to another
with peaks observed in wells that capture the weathered
aquifers and sedimentary formations, probably due to the
existence of large agro-industrials farms. Indeed, the wea-
thered layers and sedimentary formations are highly vul-
nerable to pollution phenomena due to the overall free
and continuous nature of these aquifers. This is not the
case at the aquifers that are more protected at the base.
This results in low pollutants in general and particularly
of NO; observed in the wells. Regarding the peak ob-
served for the CI” and SO, in sample 30, that repre-
sent the borehole village Diby located in the basement
where the NO; is negligible, it could be attributed to
the difference between production sources of these pol-
lutants. Indeed, CI" and SO;” could come from the dis-
solution of sedimentary rocks; this is not the case for
NO; which usually comes from the surface.

To determine the origin of the mineralization, the phy-
sicochemical data analyzes were processed from the self-
organizing map of Kohonen (SOM). The samples were
classified by the SOM according to their physcochemical
characteristics in the 20 output nodes, so that each node
included samples with similar characteristics (Figure 4).

The hierarchical classification analysis (Figure 2) has
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brought together all the cells of the Kohonen map into
four subgroups (I-IV). As in Figure 5, it represents the
weight of the various physico-chemical parameters con-
sidered in the grouping of each unit defined by the hier-
archical cluster analysis used. Group I represents mainly
the parameters of samples 1; 2 and 5, which correspond
to the structures of the village and its surroundings Eha-
nia. This includes a well and two boreholes of this local-
ity. This correlation could then be justified by the nature
of the captured geological formations that are usually
made of shale. However, the low concentrations observed
and the low conductivity values might suggest a resi-
dence time of parameters relatively short for groundwater
in these aquifers. The water has not had sufficient time to
dissolve the rocks to ensure the passage of major ions in
solution whose presence in groundwater indicates a resi-
dence time long enough.

Group II is divided into two sub-groups (Ila and IIb).
ITa subgroup contains samples 7; 10; 14; 26; 27; 28 and
30.

These samples are generally characterized by high lev-
els of CI', SO; , salinity, NOj. These high levels cor-
respond to high values of conductivity. However, Cl” and
SO, could come from fertilizer containers of chlorin-
ated contaminants, sea spray and salt weathering of hard
rock [24]. These salts are leached by rainwater and irri-
gation and trained to groundwater. In our study area, the
good correlation between ClI and conductivity might
suggest to mineralization related to the residence time of
groundwater in the rocks. Indeed, the conductivity shows
the degree of mineralization of water. The higher the con-
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Figure 4. a) Self-organizing map (SOM) (16 nodes) b) Hierarchical clustering of the SOM nodes with a Ward linkage method
and a Euclidean distance: the numbers (i.e. ranging from 1 to 16) correspond to those assigned on each node of the SOM. The
four boxes correspond to the clusters selected from the Davies-Bouldin index (DBI, see material and methods for more de-

tails).
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Figure 5. Visualization of physico-chimical variables on the self-organizing map (SOM). Dark represents high values and

light represents low ones. Cond.: Conductivity.

ductivity, the higher the water is mineralized. However,
we note a good correlation between CI°, SO, NO;
and salinity. Either, the NO; does that come from the
surface or from atmospheric nitrogen or from anthropo-
genic pollutants [25]. The presence of these pollutants
could be explained by a surface origin. Thus, the miner-
alization of groundwater in the area is related to the
transfer of these ions from the surface to depth. These re-
sults are further supported by the low concentrations of
ions come from the dissolution of pre-existing rocks such
as Ca’", Mg®", Na" and K'. These surface pollutants like-
ly come from pesticides used in the agro-industrial ex-
ploitations. This observation could still justify the exis-
tence in these areas of high pollution sources that are ag-
ro-industrial farms of palm oil and banana. Several stud-
ies indicate that their concentrations increase due to the
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large amount of chemical fertilizer used in agriculture
[26]. To this must be added the wastewater and waste re-
sidue from the processing of agricultural products. All
this will lead toincreased levels of pollutants such as pho-
sphate, chloride, and sulfate in groundwater [27]. This
class is probably the most important may indicate pollu-
tion from surface.

Class IIb groups across samples 9 - 32 with particular-
ity in samples 12 and 23 corresponding to the wells and
localities Baffia and M’Possa that contain high levels of
iron and manganese. These two parameters which are not
dangerous to human health could have an impact on the
taste and their presence in water can come from either a
deep origin or an anthropogenic origin. Iron and manga-
nese are naturally contained in the components of the
Earth consist of crystalline and sedimentary rocks. The
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action of erosion alters these rocks and release compo-
nents which could be iron and manganese by chemical
affinity [28]. However, these two parameters may have
an anthropogenic origin and therefore superficial mainly
because of their low correlation with conductivity.

Class III includes samples 18; 20; 21; 22; 24; 25; 29
and 31. The analysis of these samples shows that this
class contains waters rich in Ca*’, Mg”" and HCO;
which come from the dissolution of the enclosing rocks
and expressing mineralization that is related to the resi-
dence time. However, the concentrations of these pa-
rameters remain weak and we note a lack of correlation
between these parameters and the conductivity that ex-
presses the degree of mineralization. These phenomena
are observed in the wells of M’gbasso, Toliesso and Baf-
fia localities that are on crystalline basement and crystal-
lophyllian. The analysis of this class shows the minerali-
zation associated to residence time. Thus concerning
Ehania catchment, mineralization of groundwater in-
crease due to the expansion of agricultural land and the
intensive development of agriculture, which also leads to
the salinization of groundwater [29].

To support these results, the land use map of Ehania
catchment was developed derived from Landsat ETM+
images (Figure 6). The confusion matrix of the different
classes of land use (Table 2) indicates that the overall
mapping accuracy is 73.53%. This value allow to con-
clude that different types of land in the study region were
fairly well discriminated.

It highlights four classes that are bare soils that occupy
small pockets throughout the study area, fallow usually
contain the villagers farms and cover a good portion of
the study area from north to south. We then have 2 types
of agro-industrials farms that are Banana plantations in
the north and oil palm plantations in the suth of the cat-
chment. The superposition of the map obtained in locali-
ties with high concentrations shows that these areas co-
incide with potential areas of production of pollutants.
Thus, in the northern part of the localities Koffikro,
Ayebo, Diby and Baffia with NO; concentrations of
115; 97.5; 115 and 66 mg/L are located either down-
stream or in the middle of the industrial plantations of
bananas. In the south, large industrial oil palm planta-
tions have greatly disturbed the groundwater quality in
these particular localities of these areas. This is case of
Aboulie, Kouakro, Awran and Sodepalm with NOj
concentrations of 114.7; 115; 101.9 and 115 mg/L. In-
deed, these plantations heavily used pesticides, release
the nitrogen in nature that will be transformed into NO;
(nitrosation) and then in NOj (nitrification) [25]. These
two types of exploitations could be potential sources of
production of pollutants from surface sources such as the
CI', SO; , salinity and NOj.
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Table 2. Confusion matrix for classification.

Ind. Ind. Fal.-vil. Barre
Forest

Farml Farm2 plant. soil Waters

Forest 81.13 15.25 0 0.67 0.15 0
Ind. farm1  17.86  72.18 0 34.38 0 0
Ind. Farm 2 0 0 92.23 6.12 0.45 0
Fal.-vil. plant. 0.53 1257 7.77 5810 10.77 5.13

Barre soil 0.16 0 0 027 8756 196

Waters 0.32 0 0 0 1.06 92.91

Ind. Farm: Industrials farm; Fa.-vil plant: Fallow-villagers plantation.
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Figure 6. Land use map.

At all, we observe a good coincidence between the
concentrations and pollutants potential production areas
that are agro-industrial farms dominated by human acti-
vities in the area. Thus these key pollutants can come in
general from phytosanitary products especially the NO;.
This important role of fertilizer production NO; indi-
cated in the work of [4] showed that the use of these fer-
tilizers leads to increased environmental problems mark-
ed by an increase in the content of NOJ.

4. Conclusion

The results of this study highlight the impact of agro-in-
dustrials exploitations on groundwater resources. These
results show that the concentrations of pollutants that are
CI, SO; and NO; are still very high, but lower than
the WHO standards with the exception of NO; with
more than 50% of the parameters with a content greater
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than or equal to the standard and an average concentra-
tion of more than 53 m/L. The land use map highlights
potential sources of pollution that are large banana plan-
tations and oil palm observed respectively in the northern
and southern parts of the study area

Statistical analysis using the SOM method revealed
four classes that can be grouped into two main classes. A
superficial origin class contains the pollutants from an-
thropogenic activities (CI", SO,  and NOj;) and those
whose origin is related to the dissolution of rocks (Fe*",
Na', K, Mg2+, Ca*", Mn*"). The low concentrations of
these parameters show that the mineralization of ground-
water in the area is dominated by transfer of these set-
tings since the surface to the depth. The superposition of
these different sampling sites on the land use map con-
firms the importance of superficial origin of pollutants
that are especially CI', SO;” and NO;.
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