
Citation: Serge Gaëtan, S.É.; Marie

Michelle, C.H.; Ouindinboudé

Jacques, K.; Poulouma Louis, Y.;

Idriss, S. Hydrogeochemistry of

Shallow Groundwater and Suitability

to Irrigation: The Case of the

Karfiguéla Paddy Field in Burkina

Faso. Water 2022, 14, 2574. https://

doi.org/10.3390/w14162574

Academic Editors: Chihhao Fan and

Sheng-Wei Wang

Received: 15 July 2022

Accepted: 11 August 2022

Published: 20 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Hydrogeochemistry of Shallow Groundwater and Suitability to
Irrigation: The Case of the Karfiguéla Paddy Field in
Burkina Faso
Sauret Élie Serge Gaëtan 1, Compaoré Hillary Marie Michelle 1,2,* , Kissou Ouindinboudé Jacques 1,3,
Yaméogo Poulouma Louis 1 and Sermé Idriss 1

1 Centre National de Recherche Scientifique et Technologique, Institut de l’Environnement et de Recherches
Agricoles–Département Gestion des Ressources Naturelles/Systèmes de Productions, DRREA-Ouest,
Station de Farako-bâ, Bobo-Dioulasso 01 BP 910, Burkina Faso

2 Institut International d’Ingénierie de l’Eau et de l’Environnement, Rue de la Science,
Ouagadougou 01 BP 594, Burkina Faso

3 Institut du Développement Rural-Université Nazi Boni, Bobo-Dioulasso 01 BP 109, Burkina Faso
* Correspondence: hillary.compaore@gmail.com; Tel.: +226-25-49-28-00; Fax: +226-25-49-28-01

Abstract: Shallow groundwater is often exposed to multiple sources of pollution that can make
it unsuitable for certain uses. Complete hydrogeochemical studies are necessary for the better
management of these resources. Well water samples were collected on the extent of Karfiguéla
paddy field for physico-chemical parameters, such as pH, EC, TDS, Na+, Ca2+, Mg2+, K+, NH4+,
NO3

−, NO2
−, SO4

2−, CO3
2−, Cl−, and HCO3

−, and metallic trace elements analyses as a case
study. Due to the alluvial nature of aquifer deposits and the short residence time of groundwater,
physical parameters and ion concentrations are low and within the recommended guideline values
for irrigation water of the Food and Agriculture Organization (FAO) of the United Nations. However,
Cd presents concentrations above 10 µg/L, the limit recommended by the FAO, while NO3

− presents
a slight to moderate risk. Piper and Stiff diagrams showed two types of water, Ca·Mg·HCO3 and
Ca·Mg·SO4·Cl. Saturation indices revealed the under mineralization of natural minerals. Gibbs and
bivariate diagrams, correlations and factorial analyses indicated that groundwater mineralization is
mainly controlled by anthropogenic agricultural activities (60.05%), calcite and magnesite alteration
(15.01%) and CO2 dissolution process (9.05%). Irrigation water suitability parameters, such as sodium
adsorption ratio (SAR), sodium percentage (%Na), potential salinity (PS), the Kelly ratio (KR), residual
sodium carbonate (RSC) and irrigation coefficient (Ka), confirmed that the shallow groundwater is
100% good for irrigation, while NO3

− and permeability index (PI) indicated that it is permissible.
However, according to magnesium hazard (MH), the groundwater is 100% unsuitable for irrigation
and could lead to soil alkalinity.

Keywords: hydrogeochemistry; shallow groundwater; anthropogenic pollution; irrigation; paddy field

1. Introduction

Groundwater reserves are being depleted over times. According to Wada and al.
(2010) [1], the total depletion of groundwater around the world has increased from
126 (±32) km3 in 1960 to 283 (±40) km3 in 2000, corresponding to 39 (±10) % of the amount
of groundwater withdrawn in the world and (±0.6) % of the direct recharges that feed
the groundwater tables. This depletion highlights, at present, the significant groundwater
stress whose causes are explained by the increases in irrigated agricultural areas, galloping
industrialization, world population growth and drinking water needs, livestock, mining
activities and the impact of climate change [2–8].

In this context, the renewable groundwater reserves available for irrigation in Africa
seem important but are fairly underestimated [9,10], while they could largely contribute to
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the achievement of food and nutritional self-sufficiency and substantially of more than 40%
of farmers’ incomes in some countries [11,12]).

To this end, in semi-arid and low-income countries such as Burkina Faso, the use
of easily accessible shallow groundwater for irrigation is very important for poor people
and this does not require complex and expensive treatment systems [13]. Thus, there
is a clear trend towards the exploitation of fairly deep aquifers because of their lesser
vulnerability to external pollution. Shallow groundwater, more vulnerable to climatic
hazards, overexploitation and external pollution, is then neglected and underestimated.

However, these aquifers, which are generally porous and unconsolidated, are full of
significant potential that can be used for various uses, including irrigation. This could
contribute to an increase in agricultural productivity and the achievement of food self-
sufficiency for semi-arid countries. Indeed, for several decades, the development of ir-
rigated agriculture has been seen a means to face the food and nutritional insecurity of
developing countries. Thus, in Burkina Faso, following the food crisis caused by the severe
droughts of the 1970s and 1980s, several dams were built in order to overcome water
shortages and allow the development of irrigation [14].

Unfortunately, the harmful effects of climate change are all the more glaring as some
water reservoirs are disappearing [14,15]. This situation has a direct impact on the perfor-
mance of the agricultural developments that are now facing serious water deficits [14,16].
This is the case of the Karfiguéla paddy field, taken as a case study, which is facing a lack
of water both during the wet and dry seasons [17,18]. The lack of water is such that the
users have been forced to divide the Karfiguéla perimeter into two parts and practice an
alternating system of exploitation during the dry season [19]. However, the perimeter
was developed on an alluvial plain whose thickness is estimated between 19 and 37 m
with an annual extraction percentage of less than 10% of the renewable water resource
estimated at 1,885,000 m3 [20]. It is therefore obvious that the shallow aquifer constitutes a
non-negligible resource for irrigation.

Assessing the capacity of a water resource to meet a need, whether it be drinking
water supply for the population, agricultural, industrial or energy production, necessar-
ily requires to assess its quantity and its quality. Thus, the characterization of processes
that control aquifer chemistry and the identification of probable sources of ions and pol-
lution are important for groundwater resource sustainable management [13]. Specifi-
cally, for irrigation, water quality directly affects soils and crops quality and productivity
through salinity evaluated by total dissolved solids (TDS) or electrical conductivity (EC)
and the toxicity due to chloride, sodium, magnesium, or heavy metals (Orou et al., 2016;
Scheiber et al., 2020). The suitability of water for irrigation can also be evaluated through
indices and ratios widely used throughout the world. These include sodium adsorption
ratio (SAR), sodium percentage (%Na), potential salinity (PS), the Kelly ratio (KR), residual
sodium carbonate (RSC), magnesium hazard (MH), permeability index (PI), and irrigation
coefficient (Ka) [21–26].

To our knowledge, hydrogeochemical characterization has not yet been carried out
on the scale of the Karfiguéla alluvial plain. Thus, the aim of this study is to identify and
assess processes that control the shallow groundwater chemistry in an agricultural context
and assess the suitability of these waters for agricultural use. The results provide essential
information for the management and protection of the shallow aquifer that unfolds under
the Karfiguéla paddy field.

2. Presentation of the Study Area
2.1. Location and Climate

This study was conducted in the Karfiguéla paddy field, located in the southwest
of Burkina Faso, in the upper Comoé’s watershed. It extends between the longitudes
4◦50′ W and 4◦48′ W and the latitudes 10◦38′ N and 10◦42′ N in the northwestern part
of the Karfiguéla alluvial plain. The study area has a southern Sudanese climate with an
average annual rainfall of 1040 mm and temperatures between 17 ◦C and 36 ◦C, marked by
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a low annual thermal amplitude [27]. According to data from the weather station closest
to the paddy field, the average annual potential evapotranspiration is around 1990 mm.
This area is mainly composed of plains and plateaus and has one of the most rugged reliefs
of Burkina Faso in which stands in particular Mount Ténakourou, the highest peak in the
country, culminating at a height of 747 m [27].

It has a well-developed hydrographic network with many streams, lakes, perennial
ponds, waterfalls, and springs [27].

2.2. Hydrological Features

The study area rests on moderately deep soils of the leached tropical ferruginous type
with a predominantly sandy or sandy–clayey texture [28]. It straddles basement formations
and sedimentary formations of the Upper Precambrian, which is a southeastern extension
of the Taoudeni Basin in Burkina Faso (Figure 1) [20,29,30]. From a hydrogeological point
of view, we distinguish two types of aquifers. Basement aquifers, made up of crystalline
formations with granite dominance with shales, green rocks, and dolerite, which are very
variable from the point of view of their nature and the presence of fractures. There are
also aquifers with variable flow rates: amphibolite (0.7 m3/h to 94 m3/h), migmatites
(1 m3/h to 12 m3/h), volcano-basics (0.5 m3/h to 31 m3/h), schists (0.5 m3/h at 22 m3/h),
metavolcanites (2 m3/h to 36 m3/h), and alterations (0.6 m3/h to 12 m3/h). The entity
of the sedimentary basin is made up of essentially continuous and unconfined aquifers
with some artesian zones as Quartz Granule Sandstone aquifer (QGS) in particular. They
present a low risk of salinity and a fairly low dissolved iron content [18,31,32]. The Kawara
Sindou Sandstone (KSS) aquifer can be distinguished with flows in the order of 10 m3/h to
20 m3/h at 50 m depth and more than 150 m3/h at great depths; the GGQ aquifer with a
flow varying according to the depth, i.e., 10 m3/h to 30 m3/h at shallow depths, 120 m3/h
to more than 300 m3/h between 130 m and 200 m and 300 m3/h to 800 m3/h at 200 m; the
Basement Sandstone (BS) aquifer with flow rates in the order of 10 m3/h to 40 m3/h at
50 m; and the Fine Glauconitic Sandstone (FGS) aquifer with average flow rates from
10 m3/h to 45 m3/h up to 100 m3/h in the deep horizons [18]. The shallow aquifer subject
of this study extends over the entire rice-growing area; it is made up of alluvial, sandy,
gravelly, and clayey materials.

Figure 1. Location of the study area: (a) the Comoé watershed in Burkina Faso, (b) geology of the
upper Comoé watershed, and (c) the monitoring network of the Karfiguéla paddy field.
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It has transmissivity, storage coefficients, and average specific flow values, respectively,
in the order of 10−3 m2/s, 10−1, and 17 m3/h. In the wet season, a single artisanal well can
sustain the water deficit for 17.21 ha of paddy fields.

The piezometry shows preferential flows from the north to the south part of the
perimeter. The soils in the Karfiguéla paddy field are loamy and clayey in the north, sandy
in the center, and clayey with a silty tendency to the south. This heterogeneous texture
is a consequence of the processes of storage/concentration, percolation, and drainage
of the surface water towards the deep horizons. The textural heterogeneity of soils is
due to leaching, the lack of crop rotations, and the rice monoculture, which are not very
conservative of the mineral elements of the soil.

3. Material and Methods
3.1. Sample Collection and Analysis

In order to determine the physicochemical characteristics of the alluvial aquifer, six
water samples were collected in July 2020 in wells and sumps after pumping tests carried
out for 6 h. At each structure, two samples were collected in 1.5 L plastic bottles that
were washed, rinsed with distilled water, and then rinsed several times with the sampled
water. The samples were then immediately taken to two laboratories for analysis: the
water–soil–plant laboratory of INERA and the Laboratory of Burkina Mines and Geology
Office (BUMIGEB). The pH, TDS, and electrical conductivity are measured in situ using
AQUAREAD AP-2000 material. Chemical parameters, such as major ions (Na+, Ca2+, Mg2+,
K+, NH4

+, NO3
−, NO2

−, SO4
2−, CO3

2−, Cl−, and HCO3
−), minor ions, and metallic trace

elements (Fe, Zn, Cu, Mn, Pb, Al, Cr, Ni, and Cd) were analyzed by EDTA titration, atomic
absorption, photometry, and spectrometry.

Before processing and interpreting the results of the various analyses, it was necessary
to ensure the reliability of the results. The charge balance error percentage based on the
principle that natural water is electrically neutral was calculated.

CB =
∑ Anions−∑ Cations
∑ Anions + ∑ Cations

× 100 (1)

In Equation (1), all cations and anions are expressed in meq/L. It is generally accepted
that a test is considered qualified if the charge balance error percentage (%CB) < 5%. In the
present study, the %CBs of all the samples were less than 5%.

3.2. Hydrogeochemical Interpretation

Piper [33] and Stiff [34] diagrams were used for the determination of water type and hy-
drogeochemical processes. Processes that control groundwater chemistry are typically evap-
oration, geochemical weathering, cation exchange, and anthropogenic activities [35,36].
These processes are very complex and generally require analytical and geochemical tech-
niques to be elucidated [37,38]. Thus, the Gibbs diagram [39] was used in this study
to understand and differentiate the influences of evaporation, interactions with aquifer
minerals, and precipitation.

The most commonly used approach for understanding the interactions between rock
and water is the determination of geological minerals’ saturation indices [36]. Saturation
indices permit evaluating minerals present in the water dissolution and precipitation
phenomena [38]. Saturation state is usually defined by values between −1 and 1, while
oversaturation and undersaturation are, respectively, determined by values greater than
1 and less than −1 [38,40]. For this study, the saturation indices of minerals such as
dolomite, calcite, anhydrite, gypsum, halite, and aragonite were calculated using the
geochemical module PHREEQC. Dissolution processes are governed by the following
relationships (Table 1).
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Table 1. Dissolution process of calcareous minerals.

Anhydrite CaSO4 ↔ Ca2+ + SO4
2−

Aragonite CaCO3 + CO2 + H2O↔ Ca2+ + 2 HCO3
−

calcite CaCO3 ↔ Ca2+ + CO3
2−

Dolomite CaMg(CO3)2 + 2CO2+2H2O↔ Ca2+ + Mg2+ + 4HCO3
−

Gypsum CaSO4:2H2O↔ Ca2+ + SO4
2− + 2 H2O

halite NaCl↔ Na+ + Cl−

Magnesite MgCO3 ↔Mg2+ + CO3
2−

Cation exchanges are also a natural phenomenon that greatly influences the mech-
anism of groundwater chemistry evolution. Clay minerals capable of fixing or releas-
ing ions are generally implicated in these exchanges. The chloroalkaline indices (CAI-1
and CAI-2) proposed by Schoeller (1965) are generally used for cation exchange process
determination [36,41]

CAI-1 =
Cl− −

(
Na+ + K+

)
Cl−

(2)

CAI-2 =
Cl− −

(
Na+ + K+

)
HCO−3 + SO2−

4 + CO2−
3 + NO−3

(3)

When CAI-1 and CAI-2 values are negative, it means that there is an exchange of Ca2+

and Mg2+ ions with Na+ and K+ ions in the groundwater following reaction R1 [41]. This
phenomenon generally occurs when water is diluted with softer water [42].

Ca2+ + 2NaX↔ 2Na+ + CaX2 (R1)

In the case of a reverse reaction, the values of chloroalkaline indices are positive. This
reaction occurs during a supply of saline minerals following the R2 reaction [36,41].

2Na+ + CaX2 ↔ Ca2+ + 2NaX (R2)

In the context of agricultural activities, the organic pollution index OPI [43] was used
to determine the influence of anthropogenic activities on groundwater chemistry.

The relationship between the physicochemical parameters as well as their sources were
determined through a combination of correlation coefficient analysis, factor analyses, and
bivariate plots. The spatial distribution of the physicochemical parameters was modeled
using the inverse distance interpolation method (IDW) of ArcGis geospatial tools.

3.3. Water Quality for Irrigation

Water quality for irrigation is of paramount importance in the quality, health, and
productivity of soils and crops [44,45]. Generally, when these parameters are not evaluated,
the condition of irrigated soils can gradually deteriorate until complete sterilization [21,46].

The most recurrent problems of irrigated systems are related to salinity, toxicity,
impact on infiltration capacity, and soil fertility [22,45]. In this study, to assess groundwater
quality for irrigation, parameters such as electrical conductivity (EC), sodium adsorption
ratio (SAR), sodium percentage (%Na), potential salinity (PS), Kelly ratio (KR), residual
sodium carbonate (RSC), magnesium hazard (MH), permeability index (PI), and irrigation
coefficient (Ka) were assessed [21–26]. These parameters are obtained using the following
formulas for concentrations in meq/L:

MH =
Mg2+

Ca2+ + Mg2+ × 100 (4)

%Na = 100 ∗ Na+K
Ca + Mg + Na + K

(5)
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SAR =
Na+√

Ca2++Mg2+

2

(6)

PI =

(
Na+ +

√
HCO−3

)
Ca2+ + Mg2+ + Na+ + K+

× 100 (7)

Ka =


288

5Cl−
si Na+ < Cl−

288
Na++4Cl−

si Cl− < Na+ < Cl− + 2SO2−
4

288
10Na+−5Cl−−9SO2−

4
si Na+ > Cl− + 2SO2−

4

(8)

4. Results
4.1. Groundwater Hydrogeochemistry
4.1.1. Physicochemical Parameters and Their Spatial Variability

With an average of 6.42 ± 0.29, the pH values indicate that the groundwater is slightly
acidic. EC and TDS are weakly correlated (r = 0.58) with low concentrations, i.e., respec-
tively between 33.7 µS/cm and 80.0 µS/cm and 91 mg/L and 134 mg/L.

This situation effectively results in low concentrations of the chemical parameters as
illustrated in Table 2 and Figure 2. Mg2+ is the most abundant of the major cations with
an average concentration of 10.83 ± 2.20 mg/L, followed by Ca2+ (5.75 ± 1.56 mg/L), Na+

(2.90 ± 1.44 mg/L), and K+ (1.08 ± 0.67 mg/L).

Table 2. Physicochemical parameters of groundwater (July 2020).

Parameter Units B1 B2 P3 P4 P5 P6 Mean VC [%]
FAO Standards

None Slight to
Moderate Severe

pH — 6.5 6.3 6.5 6.3 5.7 6.2 6.2 5% 6.5–8.4

EC µS/cm 65.1 52.1 53.2 33.7 80.0 68.1 58.7 27% <700 700–3000 350

TDS mg·L−1 102.0 91.0 99.0 99.0 114.0 134.0 106.5 14% <450 450–2000 2000

TAC mg·L−1 36.0 36.0 54.0 25.0 17.0 42.0 35.0 37% —

Ca2+ mg·L−1 6.0 5.0 7.0 4.0 8.0 4.4 5.7 27% —

Mg2+ mg·L−1 8.5 12.2 7.9 13.1 10.7 12.6 10.8 20% —

Na+ mg·L−1 1.9 1.2 1.8 3.8 4.7 4.0 2.9 50% 70 70–200 200

K+ mg·L−1 0.3 2.2 1.5 0.9 0.8 0.8 1.1 62% —

NH4
+ mg·L−1 0.0 0.0 0.0 0.8 1.7 1.8 0.7 120% —

Fe2+ mg·L−1 0.0 0.0 0.0 1.3 4.5 3.1 1.5 130% —

Zn2+ mg·L−1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 112% <2

HCO3
− mg·L−1 43.9 43.9 65.9 30.5 20.7 51.2 42.7 37% 90 90–500 500

CO3
2− mg·L−1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 — —

Cl− mg·L−1 3.5 9.0 4.0 1.0 1.5 1.8 3.5 86% <140 140–355 355

NO3
− mg·L−1 2.2 1.1 0.2 23.0 17.4 10.1 9.0 106% 5 5–30 30

NO2
− mg·L−1 0.1 0.1 0.0 0.2 0.3 0.4 0.2 73% —

PO4
3− mg·L−1 9.9 5.7 5.2 0.5 0.7 0.1 3.7 107% —

SO4
2− mg·L−1 25.5 11.0 5.6 21.5 47.7 46.7 26.3 67% —

Mn2+ mg·L−1 0.00 0.00 0.01 0.00 0.00 0.00 0.0 245% —

Cd2+ mg·L−1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 114% —

Pb2+ mg·L−1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 120% —
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Figure 2. Spatial distribution of physicochemical parameters.

The order of the major anions is HCO3
− > SO4

2− > NO3
− > PO4

3− > Cl− with,
respectively, mean concentration values of 42.7 ± 15.78 mg/L, 26.34 ± 17.66 mg/L,
9.01 ± 9.51 mg/L, 3.68 ± 3.94 mg/L, and 3.45 ± 2.95 mg/L.
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The percentages of the coefficients of variation remain very high and the large spatial
variability (Figure 2) of the physicochemical parameters shows a large hydrochemistry
heterogeneity. Indeed, while Ca2+, Zn2+, Cl−, K+, HCO3

−, EC, pH, and PO4
3− generally

decrease from the upstream of the perimeter to downstream (north–east to southwest),
the other chemical parameters such as Mg2+, Na+, NH4

+, Fe2+, NO3
−, NO2

−, and SO4
2−

evolve in the opposite direction.
Although the concentrations of the parameters are very variable, they respect almost

all the standards established by the FAO concerning irrigation water quality, except 50% of
the samples that do not comply with the guideline values for nitrate concentrations. Indeed,
the ion concentrations NO3

− in will P4, P5, and P6 are 2 to 4.6 times higher than the lower
limit of the standard; nevertheless, they remain within the limit of tolerable quantity [47].

4.1.2. Hydrochemical Facies

Classification and interpretation of hydrochemical analyses are very complex and
are generally carried out by graphical methods [34]. Several graphical and analytical
methods are used in hydrochemistry depending on the study objectives [34]. Thus, Tiff
(Figure 3a) and Piper (Figure 3b) diagrams were used in this study for the groundwater
evolution mechanisms understanding. Two types of water were identified, 50% of calcium
and magnesium bicarbonate type (Ca-Mg-HCO3) and the rest of calcium and magnesium
chloride and sulfate type (Ca-Mg-Cl-SO4).

Figure 3. Stiff (a) and Piper (b) diagrams showing the classification of the water type of the
shallow groundwater.

4.2. Processes Controlling the Chemistry of the Shallow Aquifer
4.2.1. Gibbs Diagram and Multi-Criteria Analysis

Gibbs diagram (Figure 4) illustrates that the chemistry of the analyzed waters is mainly
governed by water–rock interactions [39]. In theory, this phenomenon suggests that the
mineral components of the rock and the chemical reactions and exchanges in the matrix
mainly control the chemistry of the shallow groundwater. In the present study, the sandy,
clayey, and alluvial nature of the aquifer cannot greatly contribute to the mineralization
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of the waters it stores. Other processes would influence groundwater mineralization and
could be linked to anthropogenic activities, geochemical alteration, or cation exchanges.
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Figure 4. Gibbs diagram indicating the groundwater natural evolution mechanisms.

These different processes were studied in order to determine the source of ions in
groundwater. PCA results (Table 3) as well as the Pearson correlation matrix (Figure 5)
were used for a better interpretation of these processes. Three principal components with
variances, respectively, expressed at 60%, 15%, and 9%, explaining 84% of the total variance
extracted (Figure 5). Thus, each main axis represents a process or a group of processes that
explain the chemistry of the groundwater with a percentage of involvement represented by
its explanatory variable.

Table 3. Principal components of the physicochemical parameters.

Attribute PC1 PC2 PC3

Na+ 0.977 0.018 0.025

Cd2+ 0.964 0.123 −0.185

Fe2+ 0.956 −0.201 0.143

Pb2+ 0.940 0.032 0.291

SO4
2− 0.921 −0.245 −0.099

Zn2+ −0.920 −0.183 0.117

NH4
+ 0.918 −0.230 −0.121

NO2
−-N 0.899 −0.101 −0.275

pH −0.814 0.233 −0.502

PO4
3− −0.804 −0.341 0.015

NO3
−-N 0.783 0.450 0.206

TDS 0.764 −0.267 −0.540

Cl− −0.732 0.062 0.278

HCO3
− −0.624 −0.216 −0.643

K+ −0.505 0.253 0.357
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Table 3. Cont.

Attribute PC1 PC2 PC3

Mg2+ 0.504 0.777 0.019

Ca2+ 0.025 −0.836 0.477

EC 0.439 −0.817 0.066

Mn2+ −0.499 −0.354 −0.171

Eigen value 11.41 2.87 1.72

Var. Expl. 60.05% (60%) 15.10% (75%) 9.05% (84%)

Water 2022, 14, x FOR PEER REVIEW 11 of 23 
 

 

Mn2+ −0.499 −0.354 −0.171 
Eigen value 11.41 2.87 1.72 
Var. Expl. 60.05% (60%) 15.10% (75%) 9.05% (84%) 

 

 
Figure 5. Matrix of the correlation coefficients of the physicochemical parameters of the alluvial aqui-
fer. 

4.2.2. Anthropogenic Activities 
Gibbs diagram is a very important tool in the study of the mechanisms governing 

groundwater chemistry, but it is incapable of analyzing the impact of anthropogenic activ-
ities on hydrochemistry [41]. The PCA results show that 84% of the variables are correlated 
(r ≥ 0.5) to the first component. Positive correlations are defined by Na+, Cd2+, Fe2+, Pb2+, 
SO42−, and NH4+ with values greater than 0.9, NO2−, NO3−, and TDS with values greater than 
0.7 and Mg2+ with a value of 0.504. Moreover, the strong correlation between all these vari-
ables is an indicator of their common sources [13]. Generally, very high concentrations of 
NO3−, SO42+, Cd2+, and Pb2+ can be recognized as a sign of anthropogenic contamination due 
to agricultural fertilizers and pesticides using [13,48]. Overall, a high index of organic pol-
lution (OPI) values in almost the sumps also shows the strong contribution of organic pol-
lution in the water chemistry (Table 4). The strong correlations between Cl− and K+ (r = 0.8) 
and PO43+ (r = 0.55) can also be explained by the use of KCl-type fertilizers for agriculture 
[49]. Thus, anthropogenic activities represent the main source of groundwater mineraliza-
tion with an explanation percentage of 60.05%. This is all the more obvious for an alluvial 
aquifer that unfolds under an agricultural perimeter whose main human activity is agricul-
ture. On the other hand, the strong correlations between TDS and Na+ (r = 0.69), NH4+ (r = 

* *

* * * *

* * * * * * * * *

* * * *

* * * * *

* * * * *

*

* *

* *

*

*

pH

EC

TDS

Ca2+

Mg2+

Na+

K+

NH4+

Fe2+

Zn2+

HCO3-

Cl-

NO3-

NO2-

PO43-

SO42-

Cd2+

Pb2+

-0.60

-0.45 0.58

-0.45 0.63 -0.050

-0.29 -0.29 0.25 -0.70

-0.79 0.34 0.69 0.075 0.43

0.16 -0.33 -0.50 -0.048 0.14 -0.53

-0.79 0.65 0.90 0.13 0.38 0.85 -0.36

-0.92 0.61 0.74 0.26 0.37 0.92 -0.36 0.95

0.64 -0.13 -0.67 0.098 -0.51 -0.97 0.47 -0.78 -0.83

0.72 -0.17 -0.030 -0.092 -0.45 -0.62 0.29 -0.37 -0.59 0.49

0.39 -0.15 -0.59 -0.056 -0.082 -0.83 0.80 -0.55 -0.61 0.85 0.33

-0.59 -0.14 0.28 -0.18 0.61 0.85 -0.39 0.49 0.65 -0.87 -0.76 -0.72

-0.63 0.58 0.92 -0.11 0.48 0.80 -0.52 0.94 0.85 -0.74 -0.39 -0.56 0.49

0.63 -7.9E-4 -0.56 0.18 -0.68 -0.83 0.048 -0.73 -0.76 0.90 0.38 0.55 -0.78 -0.62

-0.75 0.69 0.85 0.11 0.33 0.84 -0.60 0.93 0.90 -0.72 -0.53 -0.61 0.53 0.96 -0.55

-0.69 0.31 0.83 -0.16 0.61 0.94 -0.42 0.92 0.89 -0.94 -0.45 -0.70 0.75 0.91 -0.88 0.86

-0.90 0.34 0.53 0.18 0.45 0.96 -0.37 0.80 0.93 -0.89 -0.76 -0.69 0.86 0.71 -0.81 0.78 0.86 -1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

* p<=0.05

Figure 5. Matrix of the correlation coefficients of the physicochemical parameters of the
alluvial aquifer.

4.2.2. Anthropogenic Activities

Gibbs diagram is a very important tool in the study of the mechanisms governing
groundwater chemistry, but it is incapable of analyzing the impact of anthropogenic activi-
ties on hydrochemistry [41]. The PCA results show that 84% of the variables are correlated
(r ≥ 0.5) to the first component. Positive correlations are defined by Na+, Cd2+, Fe2+, Pb2+,
SO4

2−, and NH4
+ with values greater than 0.9, NO2

−, NO3
−, and TDS with values greater

than 0.7 and Mg2+ with a value of 0.504. Moreover, the strong correlation between all these
variables is an indicator of their common sources [13]. Generally, very high concentrations
of NO3

−, SO4
2+, Cd2+, and Pb2+ can be recognized as a sign of anthropogenic contamina-

tion due to agricultural fertilizers and pesticides using [13,48]. Overall, a high index of
organic pollution (OPI) values in almost the sumps also shows the strong contribution of
organic pollution in the water chemistry (Table 4). The strong correlations between Cl− and
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K+ (r = 0.8) and PO4
3+ (r = 0.55) can also be explained by the use of KCl-type fertilizers for

agriculture [49]. Thus, anthropogenic activities represent the main source of groundwater
mineralization with an explanation percentage of 60.05%. This is all the more obvious for
an alluvial aquifer that unfolds under an agricultural perimeter whose main human activity
is agriculture. On the other hand, the strong correlations between TDS and Na+ (r = 0.69),
NH4

+ (r = 0.9), Fe2+ (r = 0.74), NO2
− (r = 0.92), SO4

2− (r = 0.85), Cd2+ (r = 0.83), and Pb2+

(r = 0.53) show that these ions contribute significantly to the saline load of groundwater [40].

Table 4. Index of the organic pollution of groundwater.

B1 B2 P3 P4 P5 P6

NH4
+

mg·L−1 0.0 0.0 0.0 0.8 1.7 1.790

Index 5 5 5 4 3 3

NO2
− µg/L 142 84 27 150 280 370

Index 2 2 3 1 1 1

PO4
3−

µg/L 9906 5735 5214 500 700 50

Index 1 1 1 2 2 4

OPI 2.7 2.7 3.0 2.3 2.0 2.7

Organic pollution High High Moderate High High High

4.2.3. Cation Exchanges

Figure 6a shows that 67% of the wells are grouped together in the lower left quadrant,
indicating that these waters have undergone an ion exchange following the R1 reaction,
while 33% are in the upper right quadrant, but close to the origin of the graph, indicating a
reverse reaction following reaction R2.
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The binary diagram (Ca2+ + Mg2+) − (HCO3
2− + SO4

2−) = f (Na+ + K+ − Cl−) is also
widely used to highlight the base exchanges that characterize groundwater [36,40]. It per-
mits focusing only on the exchanges between solution and clay minerals, while excluding
dissolution/precipitation reactions linked to carbonate and evaporites minerals [36,40]. If
cation exchange is the only process governing water chemistry, the points should end up
on the line with slope −1 [36,38]. As shown in Figure 6b, the points are close to the line
with a trend represented by the equation: y = −0.6852x − 0.0318, hence a slope of −0.6852.
However, the difference between the trend and theoretical curve and the coefficient of
determination much lower than 1 indicates that the cation exchanges do not influence so
much the chemistry of the aquifer [41]. In addition, the very weak correlation (r = 0.075)
between Ca2+ and Na+ show that they do not come from the same source.
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4.2.4. Water–Rock Interactions

Saturation index values (Figure 7) are negative (<−1) for the selected minerals (Table 5)
show that the waters are undersaturated. These results are consistent with the results
obtained by Kouanda (2019) [30] concerning the sedimentary aquifer of the Taoudeni Basin
in Burkina Faso.
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Table 5. Saturation indices calculated by PHREEQ.

Phasis
IF

Chem. Formula
B1 B2 P3 P4 P5 P6

Anhydrite −3.26 −3.7 −3.83 — — — CaSO4

Aragonite −2.63 −2.82 −2.37 −3.09 −3.56 −2.93 CaCO3

calcite −2.49 −2.68 −2.23 −2.95 −3.41 −2.79 CaCO3

Dolomite −4.48 −4.63 −4.06 −5.04 −6.35 −4.78 CaMg (CO3)2

Gypsum −3.04 −3.48 −3.61 — — — CaSO4:2H2O

halite −9.71 −9.5 −9.68 −9.96 −9.68 −9.69 NaCl

Magnesite −2.57 −2.53 −2.41 −2.67 −3.52 −2.57 MgCO3

For a better understanding of the dominant water–rock interactions and ions sources,
in addition to the saturation indices, geochemical interpretation was also carried out
through bivariate diagrams and correlation analyses. The Figure 8a shows that only
samples B1 and P3 are close to the 1:1 line, indicating that halite dissolution is not the
source of Na+ and Cl−. The negative correlation (r = −0.83) between these two ions
(Figure 5) supports this interpretation. Similarly, anhydrite and gypsum are generally
sources of Ca2+ and SO4

2−, but the correlation (Figure 5) is very low (0.11) between Ca2+

and SO4
2− and the position of samples on the graph Ca2+ = f [SO4

2−] (Figure 8b) suggests
that these dissolution processes are not the main source of these ions in the water. The binary
dissolution diagram, Ca2+ + Mg2+ = f [HCO3

− + SO4
2−], generally permits highlighting

bicarbonate and sulfate minerals’ dissolution. Figure 8d shows that the points are only
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slightly close to the 1:1 line, also called the theoretical line of clay minerals’ dissolution.
This implies that dissolution phenomena and other anthropogenic phenomena participate
in the mineralization of groundwater.
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Figure 8. Relationship between ions: (a) Na+ versus Cl−; (b) Ca2+ versus SO4
2−; (c) Ca2+ + Mg2+

versus HCO3
−; and (d) Ca2++Mg2+ versus HCO3

− + SO4
2−.

Indeed, the PC2 explaining 15.10% of the groundwater chemistry has a strong positive
correlation with Mg2+ (r = 0.777) and negative with Ca2+ (r = −0.836) and EC (r = −0.817).
This axis represents the water–rock interaction process, which is also a source of Mg2+ and
Ca2+ in groundwater. However, the strong negative correlation between Mg2+ and Ca2+

(r = −0.70) shows that they do not have the same source. The ions Ca2+ could therefore
come from calcite (CaCO3) dissolution, while Mg2+ comes from the magnesite (MgCO3)
dissolution process.

4.2.5. CO2 Dissolution Process

PC3 explains 9.05% of groundwater chemistry and is strongly correlated with pH, TDS,
and HCO3

−. This axis certainly represents CO2 dissolution process in water depending
on the pH. The decomposition of organic matter is an oxidation reaction of the matter by
soil micro-organisms, which is producing CO2, water, and energy. Thus, in the presence of
water, CO2 dissolves in water and leads to the following reaction chain [31]:

CO2(gazeous) ↔ CO2 (liquid)

CO2 (liquide) + H2O ↔ H2CO3

H2CO3 ↔ H+ + HCO−3

Thus, Figure 9 summarizes the different processes responsible for the water chemistry
of the Karfiguéla shallow groundwater and their contribution.
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4.3. Shallow Groundwater Suitability for Irrigation

Irrigation water quality is a very important parameter that influences the physico-
chemical and biological quality of agricultural soils. The assessment of the Karfiguéla
groundwater suitability for agricultural use was carried out using several indices and
ratios, which are electrical conductivity (EC), sodium adsorption ratio (SAR), sodium per-
centage (%Na), chloride and nitrate hazard (NO3

−N), potential salinity (PS), Kelly ratio
(KR), residual sodium carbonate (RSC), magnesium hazard (MH), permeability index (PI),
and irrigation coefficient (Ka). The results of the statistical analysis of these parameters are
reported in Table 6.

Table 6. Results of the different water quality parameters for agricultural use (July 2020).

Units B1 B2 P3 P4 P5 P6 Average Standard. Deviation

EC [dS/m] 65.10 52.10 53.20 33.70 80.00 68.10 58.70 16.01

SAR - 0.12 0.07 0.11 0.20 0.26 0.22 0.16 0.07

NO3
−-N [mg/L] 2.24 1.12 0.22 22.98 17.42 10.10 9.01 9.51

%Na [%] 8.28% 7.98% 10.44% 12.66% 15.11% 13.30% 11.30% 2.87%

PS [meq/L] 0.36 0.37 0.17 0.25 0.54 0.54 0.37 0.15

KR - 0.08 0.04 0.08 0.13 0.16 0.14 0.10 0.04

RSC [meq/L] −0.28 −0.53 0.08 −0.78 −0.94 −0.42 −0.48 0.36

MH [%] 70.01% 80.01% 65.01% 84.35% 68.71% 82.51% 75.10% 8.16%

IP [%] 85.37% 66.27% 100.04% 59.43% 52.38% 75.10% 73.10% 17.57%

Ka - 584.57 227.33 511.50 1043.67 767.12 776.25 651.74 278.11

The analysis of shallow groundwater suitability for irrigation is the basis on the
classification purposed by many authors [24,25,37,45].

4.3.1. Electrical Conductivity, Sodium Adsorption Ratio, and Sodium Percentage

Problems frequently encountered in the evolution of soils under irrigation are, among
others, salinity, toxicity, and the speed of water infiltration [50–52]. In arid and semi-arid
regions, soils trend to suffer from salinity due to low rainfall and high evaporation. Salts
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contained in irrigation water tend to reduce the quantity of water that plants can absorb to
the point of affecting their yield. Generally, irrigation water salinity is evaluated through
three parameters: EC, SAR, and %Na. The results of the shallow aquifers hydrochemistry
show low electrical conductivity between 33.70 µS/cm and 80.00 µS/cm for an average
of 58.7 µS/cm (<250 µS/cm), which correspond to class C1 (Table 6). Thus, based on
the EC, the analyzed waters can be considered excellent for irrigation. Concerning the
SAR, it has values below 9, between 0.07 and 0.26: the water can then be used without
precautions on crops that are not sensitive to sodium. Wilcox diagram (Figure 10), generally
used to determine the suitability of irrigation water, is a compromise between sodicity
(SAR) and salinity (EC) parameters. Thus, on the Wilcox diagram, the Karfiguéla shallow
groundwater is of the C1S1 type corresponding to good quality water for irrigation, to be
used with caution for plants sensitive to sodium. The sodium percentage also accounts
for the risk of salinization. High sodium concentration reduces soil permeability and
leads to plant damage by limiting water and nutrient absorption capacity through altered
osmosis process and metabolic reactions. The calculated %Na values are all less than 20%,
i.e., between 7.95% and 15.11% for an average of 11.30%. Thus, based on the %Na also,
the shallow groundwater can be considered excellent for irrigation. The USSL diagram
(US Salinity Lab), which offers a classification of water through %Na and EC (Figure 11),
provides the same results.
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Figure 11. USSL diagram for assessing irrigation water quality.

4.3.2. Chloride and Nitrate (NO3
−-N) Hazard

The common cause of toxicity in irrigation water is usually chlorides [47]. This is
because chloride is not adsorbed or retained by soils, so it moves easily with soil water, is
absorbed by the crop, moves in the transpiration stream, and accumulates in the leaves [47].
If chloride concentration in the leaves exceeds crop tolerance, symptoms of damage, such as
leaf scorch or the drying out of leaf tissue [47], appear. Along with soil and added fertilizers
as the usual sources, nitrogen is a nutrient that boosts crop growth. Regardless of its source,
nitrogen has the same effect on the plant and an excess will cause problems, just as an
excess of fertilizer would. This excess can cause an excessive stimulation of growth, which
will consequently lead to delayed or poor maturity quality [47]. Nitrogen usually occurs
in four forms, including nitrate (NO3−-N), nitrite (NO2−-N), ammonium (NH4+-N), and
organic nitrogen (N-org). The recommendations (Tables 1 and 5) generally relate to the risk
of nitrogen in the form of nitrate (NO3−-N), as this is the usual form found in natural water.
Thus, 50% of the samples, namely P4, P5, and P6, present moderate risks in for agriculture,
while B1, B2, and P3 are harmless (Tables 1 and 5).

4.3.3. Potential Salinity (PS) and Kelly Ratio (KR)

Potential salinity and Kelly ratio (1941) [53] also permit assessing water suitability for
agricultural use [21,26,54]. The standards for interpreting these parameters are reported in
Table 7. For 100% of the samples analyzed, the PS is <3 meq/L, while the KR is <1. With
regard to these two parameters, the Karfiguéla shallow groundwater is 100% suitable for
agricultural use.
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Table 7. Classification of groundwater quality for irrigation based on EC, Na%, RSC, MH, PI, KR, PS,
and Ka.

Class Value Range Water Quality % Sample

EC [µS/cm]

C1 <250 Excellent 100%

C2 250–750 Good 0%

C3 750–2250 Doubtful 0%

C4 >2250 Unsuitable 0%

SAR

Low 0–9 Use with caution on
sodium sensitives crops 100%

Medium 10–17 Amendments and
leaching need 0%

High 18–25 Unsuitable for
continuous use 0%

Very high >26 Unsuitable for use 0%

NO3
−[mg/L]

≤2 Excellent 33.33%

2–5 Good 16.67%

5–20 Permissible 33.33%

20–30 Doubtful 16.67%

>30 Unsuitable 0%

%Na

<20 Excellent 100%

20–40 Good 0%

40–60 Permissible 0%

60–80 Doubtful 0%

>80 Unsuitable 0%

PS

<3.0 Excellent to good 100%

3.0–5.0 Good to injurious 0%

>5.0 Injurious to
unsatisfactory 0%

KR
<1 Suitable 100%

>1 Unsuitable 0%

RSC [meq/L]

<1.25 Good 100%

1.25–2.50 Doubtful 0%

>2.50 Unsuitable 0%

MH
<50 Suitable 0%

>50 Unsuitable 100%

PI

Class I >75 Suitable 50%

Class II 25–75 Marginally suitable 50%

Class III <25 Unsuitable 0%

Ka

>18 Excellent 100%

6–18 Permissible 0%

1.2–6 Doubtful 0%

<1.2 Unsuitable 0%
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4.3.4. Residual Sodium Carbonate (RSC)

Alkaline soils (Ca2+ + Mg2+) tend to react with waters containing high concentrations
of carbonate ions (CO3

2− + HCO3
−) [21,26,54]. When the carbonate ion is larger than the

alkaline earth metal, the excess carbonate ion combines with Na2+ to form deposits of
sodium carbonate (NaHCO3), thus affecting the structure (RSC) and fertility of soils [54,55].
Irrigation water classification according to RSC values, provided in Table 7, shows that 100%
of the Karfiguéla shallow groundwater has an RSC < 1.25 and can therefore be considered
suitable for irrigation.

4.3.5. Magnesium (MH) Hazard

Proposed by Szabolcs and Darab (1964) [56] and later redefined by Raghunath (1987) [57],
magnesium risk is a ratio used to assess groundwater suitability for irrigation [21,54,58]. In
most groundwater, there is a balance between magnesium and calcium ions [54,58]. In a
soil system, a high concentration of magnesium leads to soil alkalinity, water adsorption,
and the deterioration of the soil structure, particularly when the irrigation water contains a
lot of sodium [54,58].

A MH value > 50 indicates that the water can be considered harmful and unsuitable
for irrigation, as it adversely affects crop yield (Table 7). With regard to this ratio, 100%
of the Karfiguéla shallow groundwater is unsuitable for irrigation considering the high
magnesium mineralization of the water.

4.3.6. Permeability Index (PI)

Soil permeability is strongly affected by the total concentration of ions (Na2+, Ca2+,
Mg2+, and HCO3

−) in the soil [26,54]. Irrigation water then has a direct impact on the long-
term infiltration capacity of the soil and, therefore, on crop development [26,54]. The PI
classification of Donen (1964), represents the suitability rate of irrigation water. According
to PI, groundwater can be divided into three classes (Table 7): class I (100% maximum
permeability), suitable for irrigation; class II (75% maximum permeability), slightly suitable;
and class III (25% maximum permeability), not suitable for irrigation. For the shallow
groundwater samples analyzed, 50% are categories I and 50% category II.

4.3.7. Irrigation Coefficient (Ka)

Originally developed in Soviet Russia, the Ka is a traditional method of assessing
water suitability for irrigation [59]. It is obtained by studying the maximum damage of
alkaline solutions and the relative damage of sodium salt on 40 types of crops [21,60].

In accordance with the classification of waters according to Ka, Table 7 shows that
100% of water is usable in agriculture.

4.3.8. Toxicity and Trace Elements

Since the study area is an agricultural perimeter where chemical fertilizers and pesti-
cides are usually used, trace elements such as Fe, Zn, Cu, Mn, Pb, Al, Cr, Ni, and Cd were
analyzed. Although some trace elements (Fe, Mn, and Zn) in small quantities are good for
the development of crops, in the case of an excess, they can delay plant development and
accumulate in their tissues [47]. Table 8 shows a total absence of Cu, Ni, Cr, and Ni in the
Karfiguéla shallow groundwater.
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Table 8. Metallic trace elements in groundwater.

Units B1 B2 P3 P4 P5 P6
Recommended Maximum
Concentration (R.S. and

Westcot, 1985)

Cu mg·L−1 0.00 0.00 0.00 0.00 0.00 0.00 0.2

Ni mg·L−1 0.00 0.00 0.00 0.00 0.00 0.00 0.2

Cr mg·L−1 0.00 0.00 0.00 0.00 0.00 0.00 0.1

Mn mg·L−1 0.00 0.00 0.01 0.00 0.00 0.00 0.2

Cd mg·L−1 0.00 0.00 0.00 0.03 0.04 0.05 0.01

Pb mg·L−1 0.00 0.00 0.00 0.07 0.12 0.06 5

Al mg·L−1 0.00 0.00 0.00 0.00 0.00 0.00 5

Zn mg·L−1 0.04 0.05 0.03 0.00 0.00 0.00 2

In this study, while Mn, Zn, and Pb concentrations remained within the FAO standard
for irrigation water, Cd concentrations in wells P4, P5, and P6 were, respectively, three,
four, and five times higher than the standard.

This could be explained by the comparison between the dates of sampling and the
use of pesticides around these sumps. Nevertheless, the monitoring of their occurrence
and trend into groundwater is necessary to ensure that their concentration will not exceed
tolerable limits.

5. Discussion

The analysis of the waters of the Karfiguéla shallow groundwater reveals a low
concentration of ions. This suggests a low mineralization of the groundwater and a limited
concentration of salt in the water that recharges it [35,61]. This situation was also evidenced
by minerals such as dolomite, calcite, anhydrite, gypsum, halite, and aragonite and their
saturation indices, which show an undersaturation of all the minerals. These results are
consistent with the results obtained by Kouanda (2019) [30] concerning the sedimentary
aquifer of the Taoudeni Basin in Burkina Faso. The low mineralization is then due to the
superficial and alluvial nature of the aquifer. According to Huneau and al. (2011) [61] and
Sako and al. (2018) [35], the drainage and percolation of water on intensively leached soils
explain why shallow aquifers are generally less mineralized than deep ones. The spatial
distribution of the ions, correlated with land use on the perimeter, is also an indicator of the
aquifer mineralization processes that evolve following the direction of subsurface water
flow in the study area [20].

The analysis of the hydrochemical facies shows that the analyzed waters belong to
the Ca-Mg-HCO3 and Ca-Mg-Cl-SO4 types. According to Huneau and al. (2011) [61]
and Kouanda (2019) [30], the Ca-Mg-HCO3 facies is the most encountered in the tabular
Infracambrian groundwater of Burkina Faso, which unfolds under the study area.

The Ca-Mg-Cl-SO4 type is the most important in the study area, characterized by
the presence of numerous agricultural, industrial, and mining developments. Chloride
presence in the groundwater is the result of water contaminated by anthropogenic chloride
infiltration [13,35]. This interpretation is supported by the high values of the anthropogenic
pollution index, revealing a strong anthropogenic pollution of groundwater.

The shallow groundwater major ion analysis indicated that groundwater mineral-
ization is mainly controlled by anthropogenic activities (60.05%), calcite and magnesite
alteration (15.01%), and CO2 dissolution process (9.05%). Anthropogenic activities are gen-
erally the main process that governs the chemistry of shallow groundwater [13,21,35]. This
is due to the nature of these aquifers, which allows surface pollution to seep through the
permeable fringe into the aquifer. The second process is due to the residence time favoring
chemical exchanges between the water and the rock [13,21,36,41]. The low percentage of
this process is precisely due to the alluvial nature of the aquifer, which promotes flow
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and a seasonal recharge. As for the third process, it seems due to the biological activity of
plants as well as the decomposition of organic matter, which produce carbon dioxide that,
when dissolved in water, produces bicarbonate. This process has also been highlighted by
Dakoure (2003) [31] in the sedimentary aquifer formations of western Burkina Faso.

The shallow groundwater suitability analysis reveals that its quality is good for ir-
rigation, despite its vulnerability to pollution. Several studies around the world on the
quality of shallow aquifers for irrigation lead to the same result [21,24,62,63]. However, the
presence of heavy metals was identified in the water. Trace elements are generally found in
very low quantities (less than 100 µg/L) in natural waters [47]. They are therefore generally
not analyzed, unless there is a suspicion of its presence [47].

The presence of traces of Mn, Zn, Cd, and Pb in certain wells suggests contamination
due to a localized use of pesticides and chemical fertilizers [13,48]. According to FAO
standards, all analyzed elements is in an acceptable concentration for irrigation, excepted
cadmium, whose concentration is high in one well, certainly due to point source pollution.

As the water quality is suitable for irrigation, it can be used as a supplementary
irrigation water. Therefore, it will increase crop productivity. The shallow aquifer is easily
accessible by rudimentary sumps and wells, which reduces the cost of implementing
complex irrigation systems. It also mitigates the need to build drainage structures to aerate
the subsoil to the recommended depth below the root zone of the plan.

6. Conclusions

The analysis and processing of physicochemical data provided an overview of the
hydrochemistry of the shallow groundwater that unfolds under the Karfiguéla paddy field
in Burkina Faso. Groundwater belongs to the Ca·Mg·HCO3 and Ca·Mg·SO4·Cl types,
suggesting the existence of water–rock interactions, on the one hand, and the presence
of chloride pollution, on the other. Considering the alluvial and superficial nature of
the shallow aquifer, water is characterized by a relatively limited residence time and
low mineralization, which lead to relatively low ion concentrations. Although almost
all of the parameters analyzed comply with FAO standards for irrigation water, the high
concentrations of NO3− and the presence of Pb and Cd above the standards suggest
that the aquifer is highly exposed to anthropogenic activities. Then, PCA revealed that
anthropogenic activities, chemical weathering of minerals, and dissolution of CO2 are the
major processes controlling groundwater chemistry. The correlation matrix showed that
the most important factor that contributes to the presence of ions in general and metallic
trace elements in particular are anthropogenic activities. However, the Karfiguéla shallow
groundwater can be considered suitable for irrigation, but keeping an eye on its quality in
order to avoid any inconvenience on the permeability and alkalinity of the soil.

This study thus showed that hydrogeochemical characterization can be a robust tool
to assess groundwater evolution and its state of pollution under multiple anthropogenic
sources influence. With a good control over human activities, types of inputs as well as
their use on the perimeter, the Karfiguéla shallow groundwater could be a good solution
for supplementary irrigation and the increase in the Karfiguéla paddy field productivity.
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