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ABSTRACT

Shallow groundwater is a major reservoir of water in arid areas. This water is characterized by
strong mineralization which represents a major quality problem for human consumption and even
for its use in agriculture. For this reason, geochemical, statistical and isotopic studies were con-
ducted to obtain an overview of the processes that control water mineralization in the oasis of El
Golea (Algerian Sahara). Spatial distributions of EC in this area show that the highest concentra-
tions are situated close to the El Golea Lake formed by evaporitic rock. Geochemical and statis-
tical analysis and data from 28 water points in the phreatic aquifer of the El Golea oasis show a
strong correlation between electrical conductivity and the majority of chemical elements, indicat-
ing the influence of the interaction between fresh water and bed rock on this mineralization. The
results obtained indicate that Carbonate minerals (calcite) are oversaturated in all groundwater
samples. The ionic ratios demonstrate the role of weathering, dissolving, ion exchange, and
evaporation procedures in mineralization acquisition. The scatter plot of that relates 3°H = (5'20)
reveals that all of the samples were founds to be below both the GMWL of Craig (1961) and the
Sfax local meteoric boundaries (South Tunisia) indicating that groundwater samples have an old
origin. This isotopic composition depletion can be explained by the presence of mixes of phreat-
ic groundwater and Continental Intercalaire (Cl) (W2).
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RESUMEN

El agua subterranea poco profunda es un importante deposito de agua en las zonas aridas. Esta
agua se caracteriza por una elevada mineralizacion que representa un gran problema de calidad
para el consumo humano e incluso para su uso en agricultura. Por este motivo, se realizaron
estudios geoquimicos, estadisticos e isotopicos para obtener una vision general de los procesos
que controlan la mineralizacion del agua en el oasis de El Golea (Sahara argelino). Las distribu-
ciones espaciales de CE en esta area muestran que las concentraciones mas altas se encuentran
cerca del lago El Golea formado por materiales evaporiticos. El analisis geoquimico y estadistico
y los datos de 28 puntos de agua en el acuifero freatico del oasis de El Golea muestran una
correlacion elevada entre la conductividad eléctrica y la mayoria de los elementos quimicos, lo
que indica la influencia en esta mineralizacionde la interaccion entre el agua dulce y el material
acuifero. Los resultados obtenidos indican que los minerales de carbonato (calcita) estan sobre-
saturados en todas las muestras de agua subterranea. Las proporciones iénicas demuestran el
papel de los procesos de meteorizacion, disolucion, intercambio i6nico y evaporacionen la ad-
quisicion de mineralizacion. El grafico de dispersion que relaciona 82H = f (8'%0) revela que se
encontré que todas las muestras estaban por debajo del GMWL de Craig (1961) y los limites
meteoricos locales de Sfax (sur de Tunez), lo que indica que las muestras de agua subterranea
tienen un origen antiguo. Este agotamiento de la composicion isotopica puede explicarse por la
presencia de mezclas de agua subterranea freatica y Continental Intercalaire (Cl) (W2).
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1. Introduction

Water is a scarce and precious resource and
it’s an indispensable element for human life (Nas-
cimento, 2017). It also contributes to economic
development and to maintain ecosystems (Ken-
dra et al., 2010; Observatoire Régionale de I'En-
vironnement, 2015). In some cases, this resource
becomes a source of covetousness and some-
times of conflict (Ministry of the Environment,
2002). Approximately 41% of the world’s land sur-
face is occupied by arid areas (Mortimore, 2009).
This arid area is characterized by climatic stress
where potential evapotranspiration exceeds rain-
fall (Yang et al., 2011; FIDA, 2016). Due to the
scarcity of rainfall, governments have come to use
groundwater as the only source capable of satis-
fying the different sectors of use (Saadé-Sbeih
and Jaubert, 2012; Boughariou et al., 2018).

Groundwater bodies most threatened by the
degradation of their quality are the shallow (phre-
atic) ones (Benajiba et al., 2013; Knouz et al.,
2016). This degradation can be explained by the
increase in population which requires a relatively
high rate of extraction, thus causing pollution gen-
erated by anthropogenic activities (Raj and Shaiji,
2017; Yang et al., 2016).

The oasis of El Golea, in the south of Algeria,
is an arid region of the Algerian Sahara that con-
tains two aquifers. The first one phreatic with
over-mineralized water, and the other deep with
a low rate of mineralization (Continental Intercal-
aire Cl). The high mineralization of the phreatic
aquifer that characterizes arid areas seems to be
responsible for water quality deterioration and the
reduction of agricultural land yields (Zeddouri et
al., 2010; Kloppmann et al., 2011). The variation
in groundwater mineralization is mainly a function
of the relationship between water facies and the
mineralogical composition of the reservoir rock
(dissolution and precipitation of minerals), evapo-
ration, oxidation-reduction, transformation of or-
ganic matter and anthropogenic activities
(Al-Khashman et al., 2011; Pazand et al., 2018;
Allia et al., 2018).

This study aims at identifying the hydrochemi-
cal processes of groundwater mineralization in the
shallow aquifer in the El Golea oasis. The geo-
chemical and statistical approach represents the
most suitable technique to characterize the chem-
ical variation of water. This approach has been
used by several researchers (BenAmmar et al.,
2014; Bouteldjaoui et al., 2016; Kabour and Cheb-
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bah, 2017; Gouaidia et al., 2018; Amrani and Hi-
naje, 2019; Melouah and Zerrouki, 2020). The
combination of multivariate statistical approaches
such as Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) is a powerful
tool for determining hydrochemical characteristics
that influence water geochemistry (Alberto and
Del Pilar, 2001; Bouteraa et al., 2019), and to
identify certain anomalies such as the anthropo-
genic effect (impact of agricultural activity) on the
chemical composition of water (Pereira et al.,
2003; Bouteraa et al., 2019). The basic hydro-
chemical analysis as well as water facies, ionic
ratio and saturation indices (Sl) is used to know
the factors controlling groundwater geochemistry
of the samples in the study area (Zaidi et al.,
2017). The isotopic study of some samples of this
aquifer (phreatic aquifer) aims at indicating the
origin and the mechanisms of groundwater re-
charge.

2. Description of the study area

The study area is situated in a saharian region
of Ghardaia district. El Golea is an oasis formed
on the bed of the Seggueur Wadi with a surface
area of 50km?, located between 30°22’13” to
30°38’31”N latitude and 2°51°56” to 2°56’04”E
longitude. It is bounded by Ghardaia to the north,
Ain Salah to the south, Ouargla to the east and
Timimoun to the west (Figure 1).

Figure 1. Location of the study area.
Figura 1. Localizacién del area de estudio.

The oasis of El Golea has a very arid Saharan
climate, with a cold winter (8 °C) and a hot and
dry summer (36 °C); rainfall is rare and irregular.
In 2009, for example, the value of annual precip-
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itation was 20 mm, while in 2011 it did not exceed
3.4 mm. Potential evaporation rates is estimated
at 2200 mm/year due to the aridity that character-
izes this oasis (Dubost, 1992). The study area
contains three main units: the first located in the
north where the agricultural farmland occupies
this part; in the center of the region, an urban area
where wastewater flows directly or in to the phre-
atic aquifer. The raison of that is because most of
the population uses septic tanks. There is also a
channel where the outlet is the lake. The third part
located to the south of the region represented
mainly by the lake (Figure 2).

Figure 2. Soil of the study area.
Figura 2. Los suelos del &rea de estudio.

3. Geology and hydrogeology

The maximum elevation is 400 m above mean
sea level on the northeastern side of the area of
study, and the minimum elevation is around 360
m on the southern side (the lake). Generally, the
ground surface slopes towards southeast direc-
tion (Figure 8).

The geology of the El Golea region represent-
ed essentially by three types of deposits (Figure

Study of phreatic aquifer in an arid area
(El Golea region)

3) characteristic of the desert environment (Peron,
1883):

a. Limestone crust of Turonian age, which is
found mainly on the three limestone pla-
teaus at El Golea;

b. Wadi alluvium composed almost exclusive-
ly of sandstone (carbonate cement) with
clayey levels developed especially in the
valley of the Seggueur Wadi;

c. Dunes of the Western Erg totally covering
the Cretaceous substratum towards the
west, covering very large sectors.

From a hydrogeological point of view, it seems
that the study area consists of two aquifers and a
lake.

Figure 3. Geological map of the study area (Busson, 1972).

Figura 3. Mapa geolégico de la zona de estudio (Busson,
1972).

3.1. Phreatic aquifer

According to Gouskov (1952), the aquifer is
essentially composed of alluvial deposits (sand-
stone) with carbonate cement (Figure 4). The
depth of the groundwater varies between 0.65 cm
and 1.7 m. This aquifer is supplied by water from
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Figure 4. Lithostratigraphy of the study area.
Figura 4. Litoestratigrafia del area de estudio.

Seggueur Wadi during the downpours that often
affect this area either by the infiltration of excess
of water irrigation. The thickness of this aquifer is
between 10 to 12m. The number of water level
measures of November 2018 and the distribution
of wells in the space was adequate to permit the
elaboration of water level contour lines by Ordi-
nary Kriging (Figure 5). Water levels varied from
more than 395 to less than 378 m above mean
sea level (Table 1), outlining a direction of ground-
water flow from the recharge areas (irrigated
fields) located in the northwest towards the lake
of El Golea, situated in the south.

3.2. Continental Intercalaire aquifer

The CI aquifer is one of the largest confined
aquifers in the world formed by a continental for-
mations of the Lower Cretaceous (Neocomian,
Barremian, Aptian, Albian) (Moulla et al., 2012)
and covers some 600 000 km? with a potential
reservoir thickness between 120 and 1000 m
(Castany, 1982; Hamed et al., 2014), this aquifer
continuous west to east from the Guir-Saoura val-
ley to the Libyan desert and north to south from
the Saharan Atlas to the Tassili Oua N’Ahaggar
divided into two sub-basins (Occidental and Ori-
ental) by the M’zab dorsal (N-S direction) (Cornet,
1964; UNESCO, 1972; Guendouz, 1985).
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Figure 5. Water level contours line of November 2018.
Figura 5. Lineas isopiezas de Noviembre de 2018.

Table 1. Variations of static and piezometric head in the
phreatic aquifer.

Tabla 1. Isopiezas y evolucidén piezométrica en el acuifero
freatico.

Three processes can be controlled the re-
charge of this aquifer:

— Run-off at the borders, in the north by the
wadi beds at the piedmont (foothills) of the
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Saharan Atlas and in the east by the Mzab
dorsal

Run-off at the plateaus borders (Tademait
plateau)

Rare and torrential rainfall whose rapidly
infiltrates the sand dunes (characteristic of
arid semi-arid area)

According to Hakimi et al. (2021), the EC in-
creases along the W-E direction (Figure 6). The
0'80 isotope ratios in the Cl groundwater presents
homogenous values and range from -7.5 to -8.5 %.
and are indicative of Late Pleistocene recharge
(Moulla et al., 2012) and the age of this Cl ground-
water ranges between 20 000 and 40000 years
(Moulla, 2005). Table 2 presents the Electric con-
ductivity and isotopic data for 15 water points of
Cl groundwater (El Golea area).

Figure 6. Spatial evolution of physical parameters and
chemical water type of the Cl groundwater (Hakimi et al.,
2021).

Figura 6. Evolucion espacial de los parametros fisicos y de
la facies del agua subterranea del Cl (Hakimi et al., 2021).

3.3. El Golea salt lake

El Golea salt lake is a salt marsh with a surface
of 0.19 km? for a maximum depth of 2.5 m, locat-
ed in the northern Sahara (El-Yamine et al., 2018),
bordered on one side by El Golea oasis and on
the other side by natural border (rocky hills and
sand dunes) (Hacene et al., 2004). The bottom of
this lake is composed of evaporitic rock (Guerradi,
2012).

Study of phreatic aquifer in an arid area
(El Golea region)

Table 2. Electric conductivity and isotopic data for 15 water
points of Cl groundwater (El Golea area).

Tabla 2. Conductividad eléctrica y datos isotopicos de 15
puntos de agua subterranea del Cl (area de El Golea).

Figure 7 represents a diagram of the concep-
tual hydrogeological model of the study area with
the relationship between the phreatic, the Cl ag-
uifers and finally the lake of El Golea.

Figure 7. Diagram of conceptual hydrogeological model of
the study area.

Figura 7. Diagrama del modelo hidrogeoldgico conceptual
del area de estudio.

The El Golea canal (Khandeg) is intended to
evacuate the excess of irrigation water and the
waste water results from the exploitation of the CI
groundwater (the main resource currently exploit-
ed) and phreatic groundwater (low flow compared
with CI flow). The lake of El Golea represents a
natural outlet of the phreatic aquifer and the canal
(Khandeg).
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4. Methods and materials
4.1. Sampling analysis

Water samples were taken in four campaigns
between November 2015 and November 2018.
28 water points covering the study area were
analyzed (Figure 8). In cold storage, these sam-
ples were collected in bottles of 500 mL polyeth-
ylene (2 to 4°C). In situ measurements of EC
(accuracy of + 0.5% of measured value) and pH
(accuracy of £0.01 pH units) were performed with
a conductivity meter and a WTW 330i pH meter.
The major ions (Na*, Mg?*, Ca?*, K*, ClI, SO,?,
HCO; and NOjy) were evaluated using high per-
formance ion liquid chromatography (HPILC) with
IC / Pak TM CM / D columns for cations using
EDTA and nitric acid as eluent. We used a Metro-
hm chromatograph with Cl SUPER-SEP columns
for anions and phthalic acid and acetonitrile as
eluent. The ions total detection limit was 0.04
mg/L. Titration with 0.1N HCI was used in the
laboratory to determine HCO5 concentrations.
For all samples, the ion balance error was less
than 5%.

Figure 8. Location of sampling wells.
Figura 8. Localizacion de los pozos muestreados.
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For isotope analyses, six groundwater samples
were analyzed for stable isotopes (80 and 2H)
using the LGR DLT 100 laser absorption spec-
trometer (Penna et al., 2010). The results were
reported relative to the V-SMOW (Vienna-Stand-
ard Mean Oceanic Water) standard. The analyti-
cal precisions of 8'®0 and &?H were +0.2%. and
+1.0%o, respectively (Table 7). All of these inves-
tigations were carried out at the National School
of Engineers Sfax’s Radio-Analysis and Environ-
ment Laboratory (Tunisia).

4.2. Statistical analysis

A bivariate statistical method used to describe
the relationship between hydrochemical ions is cor-
relation analysis of groundwater quality measures.
A high correlation coefficient (near to -1 or 1) indi-
cates that two variables have a good link. Values
close to 0 indicate that they have no relationship.

In the field of water geochemistry, several sci-
entists have used statistical methods such as
Principal Component Analysis (PCA) and Hierar-
chical Cluster Analysis (HCA) to classify waters
and to determine their origin (Belkhiri et al., 2010;
Varol et al., 2012; Salman et al., 2015; Boughari-
ou etal., 2018; Bouteraa et al., 2019). These tools
are very effective given the case of exploring mul-
tivariate data holding multiple variables. PCA is
the most widely used method (Farnham et al.,
2003; Boughariou et al., 2018) because of the
simplicity of its algebra and its direct interpreta-
tion. It can be considered as a projection method
that projects observations from a p-dimensional
space with p variables to a k-dimensional space
(where k < p) to retain the maximum amount of
information. In this study, the information was
measured by the total variance of the scatter plots
with respect to the initial dimensions (Paul et al.,
2013). Given the existing correlation in the base
line data, factor loadings are responsible for the
correlations between the main components and
the selected variables, with those with the largest
positive and negative charges make the largest
contribution (Karimipour et al., 2005; Olsen et al.,
2012; Sappa et al., 2014; Boughariou et al., 2018).

The varimax rotation was performed on the
main components to facilitate the interpretation of
the factors according to the natural or anthropogen-
ic processes that control water mineralization.
Within the framework of this study, PCA was per-
formed on all 28 groundwater samples from El Go-
lea. It was performed on reduced centered varia-
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bles using the Statistica 13.4.0 software package.
Ten variables, namely physicochemical parame-
ters (pH and EC) and major ions (Ca?*, Mg?*, Na*,
K*, CI, HCOg, SO,% and NO;) were considered.

The most powerful grouping mechanism for
genetically classifying samples is HCA, a multi-
variate statistical technique applied in this work (Li
et al., 2013; Subba Rao et al., 2013; Subba Rao
and Maya Chaudhary, 2019). Ward’s approach
was used to perform the Q-mode HCA method on
the normalized data set, utilizing Euclidean dis-
tance as the measure of similarity. A short Euclid-
ean distance indicates that the measured varia-
bles are quite similar. Dendrogram is a graphical
depiction of hierarchical clustering or grouping
and the corresponding distance to achieve a link-
age. The HCA clusters and groups were employed
for a more thorough interpretation of the chemical
data in terms of 10 chemical variables (pH, EC,
Ca*, Mg?, Na*, K*, HCOg, CI, SO,* and NOy)
and 28 groundwater samples.

4.3. Geochemical modeling

Geochemical modeling was assessed with ba-
sic geochemical tools including the assessment
of raw data, the Piper diagram (Piper, 1953), the
determination of major ion ratio, the saturation
index (SI) and, finally, the study of stable isotope
(60 and &2H ratio).

To supply an insight to groundwater composi-
tion, we combined raw data results with hydroge-
ological information and land use activities. We
use ions ratio (in meg/L) to have an overview of
the processes that control groundwater character-
istics (Subramani et al., 2010; Voutsis et al.,
2015). In this study, the ratio of (Ca?*/Mg?*) vs
samples number; Ca?* vs HCOS3- ; Na* vs CI;
(Ca2*+ Mg*) vs Cl-were used to study weathering
and dissolution process; (Ca?* + Mg®*) vs (HCO3-
+ S0O42-) to study ions exchange process and
(Na*/CI) vs EC to study evaporation process (Kr-
ishnaraj et al., 2011; Tziritis et al., 2016).

A saturation index (SI) using analytical data
can be calculated to determine the equilibrium
state of the water with respect to a mineral phase
(Garrels and Mackenzie, 1967). To identify which
geochemical reactions are important in controlling
water chemistry, the observation of changes in
saturation state can be useful (Coetsiers and Wal-
raevens, 2006; Aghazadeh et al., 2016). The SI
of a mineral is obtained from Eq.1 (Garrels and
Mackenzie, 1967).

IS=Log(IAP)/K (1)

IAP is the ion activity product of the dissociated
chemical species in solution, and K signifies the
equilibrium solubility. The saturation indices were
calculated using the PHREEQC for Windows hy-
drogeochemical equilibrium model (Parkhurst and
Appelo, 1999).

The value of this index may be zero in the case
where the water is saturated by the mineral in
question, positive in the case of oversaturation,
and negative in the case of undersaturation with
respect to this mineral.

In the early1950’s, isotopes began to be ap-
plied as an important diagnostic tool in groundwa-
ter studies (Farid et al., 2015). In water isotope,
light water molecules have a higher zero point
energy than heavy water molecules, needing less
energy to slight phase from liquid vapour. As a
result, the water molecule with the lowest energy
barrier for phase change will preferentially evap-
orate during evaporation, resulting in residual wa-
ter that gets increasingly heavier or enriched in
0'®0 and &%H. Heavy isotopes of water, on the
other hand are the first to fall as rain, resulting in
water vapor masses that grow lighter as one ad-
vances inland from a water source or to a higher
elevation (Krishnaraj et al., 2011). The study of
isotopes present in water allows determining the
origin of different water masses, to understand the
mechanism of acquisition of water salinity and to
understand the mechanisms of infiltration and
evaporation (Moulla, 2005; Farid et al., 2015).

5. Results
5.1. General parameters

Table 3 displays the analytical results of
groundwater samples collected in this area. Nat-
uraly, groundwater was alkaline (Krishnaraj et al.,
2011). The pH value of water samples ranges
from 7 to 8.6. All the samples are alkaline with
average pH value of 7.96. The EC ranges from
483 to 6070(uS/cm) indicating wide variation on
these values. This area’s high aridity (low precip-
itation and high evaporation) contributes to high
salt concentrations in groundwater (Singh et al.,
2017; Mallick et al., 2018). The highest concen-
trations of EC (> 2000 uS/cm, W15, W17, W5,
W10, W22 and W 27) are situated close to the El
Golea Lake formed by evaporitic rock (Guerradi,
2012). Spatial variability shows that this minerali-
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zation increases towards the center and in the
southern section of the research area (Figure 9).

Table 3. Analytical results for the different water points in
mg/L.

Tabla 3. Resultados de los analisis de los diferentes puntos
acuiferos, en mg/L.

Figure 9. Iso-salinity contour map of the El Golea shallow
aquifer.

Figura 9. Mapa de iso-salinidad de lacuifero somero de El
Golea.
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Based on the concentration of the major cati-
ons (Table 2), Na* is the most dominant cation
ranging from 41 to 480.5 mg/L (mean: 245 mg/L)
followed by Ca?* ranging from 15 to 271 mg/L
(mean: 126.5 mg/L), Mg?* ranging from 27 to 276
mg/L (mean: 75 mg/L) and K*ranging from 9 to
104.5 mg/L (mean: 31 mg/l). HCOS- is the most
dominant anion ranging from 201 to 1272 mg/L
(mean: 499 mg/L) followed by SO,* ranging from
70 to 1675 mg/L (mean: 470 mg/L), CI ranging
from 25 t0725 mg/L (mean: 202 mg/L) and NOg
ranging from 0 to 22 mg/L (mean: 4 mg/L).

The higher concentration of Na* in groundwa-
ter of this area can be explained by the fact of
evaporation process and the weathering of silicate
rocks (Rajmohan and Elango, 2004).

The high concentration of Ca?* and Mg is re-
sponsible for hardness of the groundwater. In this
area, the high concentration of Ca?* and Mg?* can
indicate the presence of carbonate containing
minerals. High HCO; values can also indicate the
presence of carbonate containing minerals and/or
presence of degraded organic matter in the study
area (Rina et al., 2012). The high concentration of
S0O.? in the groundwater in this area might be due
to the dissolution of gypsum/anhydrite minerals
(Mallick et al., 2018). Close to the lake (W5, W15,
W17 and W27), we observed high concentration
of CI. It might be due to the leaching of evaporitic
rock (Halite) (local effect). Commonly, nitrates
concentration greater than 10 mg/L is a result of
anthropogenic activities (sewage waste disposal
and leakage from septic tanks) (Béhlke, 2002;
WHO, 2012). In this area, the high values of ni-
trates can be attributed to the agricultural practic-
es and/or the presence of leakage from septic
tanks.

5.2. Groundwater chemistry and water type

The first approach used to classify the chemi-
cal type of water is based on the concentration of
various predominant cations and anions (Mar-
ghade et al., 2012). For this, the trilinear diagram
of Piper (1953) presents a very useful tool in de-
termining chemical relationships in groundwater
(Walton, 1970). The plot of chemical analysis on
this trilinear diagram is shown in (Figure 10). Re-
garding cations, most of the samples are mixed-
type (64 %), some are sodium type (32 %) and
one sample is magnesium type (4%). While for
anions, some samples are mixed-type (36%),
some are bicarbonate type (36 %), seven samples
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are sulphate type, and finally, one sample is chlo-
ride type. It's also suggested by Figure 10 that
alkaline earth and strong acids exceeded the al-
kali earths and weak acids in most groundwater
samples. The most dominant water types present
in this region are mixed Ca-Mg-CI-SO, (14 sam-
ples 50%) followed by Ca-HCO; and Na-Cl with
five samples (18 %) for both types, and finally,
mixed Ca-Na-HCO; with four samples (14 %).
This suggests that the groundwater hydrochem-
istry is controlled by water rock interaction and
anthropogenic pollution. In the end, Piper diagram
shows that groundwater samples are of alka-
line-bicarbonate type in the recharge area (W26
and W8), substituting to alkali-mixed type (W20,
W2 and W7) along the groundwater flow direction
and at last becoming sodium chloride type at the
lake of El Golea (W17 and W15).

Figure 10. Piper’s diagram for the phreatic aquifer.

Figura 10. Diagrama de Piper de las aguas del acuifero
freatico.

5.3. Statistical analysis

The general statistics of the analyzed param-
eters are shown in Table 4. A high standard devi-
ation is noticed for all of parameters except pH. It
can be explained by the influence of a wide range
of hydrochemical factors on the groundwater
chemistry (Zaidi et al., 2017). The coefficient of
variation, which is the ratio of the standard devia-
tion to the average, was calculated to describe the
homogeneity of the series of values reported in

(El Golea region)

Table 2. The results in this table indicate a fairly
high coefficient for EC, TDS, K*, Mg*, SO,*, Na*
and CI, resulting in low homogeneity. A moderate
coefficient of variation is observed for HCO5 and
Ca?; the coefficient of variation for pH is quite low,
indicating good homogeneity.

Table 4. Statistical description of the chemical analysis re-
sults in mg/L.

Tabla 4. Descripcion estadistica de los resultados de los
analisis quimicos, en mg/L.

5.3.1. Application of PCA

The relationship between the number of signif-
icant statistics (Rs) and the total number of rela-
tionships (Nt) provides some insight about the
nature of the statistical distribution (Boughariou et
al., 2018). If this ratio is greater than the value of
the significant statistic (Cs), then the statistical
distribution of the correlation matrix is good. In this
case 0.72 Rs/Nt = 34/66), Cs = 0.24, i.e. 0.72 >
0.24. These results prove that the statistical dis-
tribution of the correlation matrix is good.

5.3.2. Correlation matrix

The correlation analysis of groundwater quali-
ty parameters suggests the hydrological process
controls the evolution of groundwater and its
chemical properties (Mallick et al., 2018). The
value of R > 0.7 indicates strong correlation, while
R value 0.5-0.7 indicates moderate correlation
between the variables. A total of 28 groundwater
samples from this area were examined. The re-
sults of the correlation matrix analysis (Table 5)
show a very strong and positive relationship be-
tween EC and CI, SO,#, Na*and Mg?*. A moder-
ate positive relationship is observed between EC
and (K+*and Ca?*) with R equals to 0.57and 0.69,
respectively. This high correlation between EC
and the majority of chemical elements indicates
the contribution of these ions on the conductivity
of groundwater. Strong and positive correlation
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between Na*and CI indicates similar source of
these ions. Nitrate is not much significant but pos-
itively correlates with pH.

Table 5. Correlation matrix for different water points.

Tabla 5. Matriz de correlacion de los diferentes puntos de
agua.

5.3.3. Correlation circle and individual projection

The application of the PCA on the adopted
variables in this table could improve our knowl-
edge on the main factors that determine the
mechanism of the mineralization acquisition of all
the 28 water samples (individuals).

Examination of the correlation circle drawn on
the plane of the factorial axes F1 and F2 shows
a good distribution of the parameters studied.
The first two axes F1 and F2 express respective-
ly 58.52% and 12.82% of the total variance (Ta-
ble 6).

Table 6. Principal Component Analysis.
Tabla 6. Analisis de Componentes Principales.
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The inertia principal axis F1, in the variables
space has a strong positive loading on: EC, SO,?,
CI, Nat, K+, Ca2*and Mg?* (values > 0.75), a mod-
erately positive loading on HCOgy (values 0.75—
0.50) and a moderately negative loading on NOg.
The weights of these parameters are 0.94, 0.91,
0.92, 0.96, 0.69, 0.82 and 0.56, respectively, as
shown in the Table 5. Those parameters contribut-
ing to more than 55% of the total variance explains
why EC has a significant contribution for F1 and
indicates the geogenic factors related to dissolution
(calcite, halite, and gypsum) and ion exchange.
The high loading of EC, SO,%, CI-, Na*, K*, Ca?* and
Mg?* indicates mineralization of rocks and soil
(Yakubo et al., 2009; Mallick et al., 2018). Howev-
er, the significant factor loading of NOjy in this fac-
tor can be attributed to the anthropogenic origin
related to the domestic (septic tanks) and agricul-
tural activities in this study area. The second axes
F2 represents 13% of the total variance and is high-
lighted by significant factor loading (> 0.5) of pH
and HCOS3-. The weight for these parameters is
0.88 and 0.52, respectively. This factor reflects the
signature of natural water recharge and water-soil/
rock interactions (Freeze and Cherry, 1979;
Olobaniyi and Owoyemi, 2006) (Figure 11).

Figure 11. Correlation circles for factors F1-F2.

Figura 11. Circulos de correlacion sobre el plano de los
factores F1-F2.

5.3.4. Hierarchical Cluster Analysis

The HCA of 28 samples collected and analyz-
ed was performed based on the Ward method
and Pearson test. In this case, a dendrogram
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(Figure 12) showing two distinct clusters was
obtained. The first class shows the relationship
between Na*, CI, Mg?, SO,*, K*, Ca?*, HCO;
and EC. This cluster, similar to that presented for
the first component of PCA, could indicate the
important role of water-rock interaction in con-
trolling groundwater chemistry. The second class
regroups pH and NO;. The parameters of this
cluster are similar to the parameters of the first
component of PCA and could indicate a relation-
ship between the alkalinity of the samples and
bicarbonates.

Figure 12. Dendrogram of variables.
Figura 12. Dedrograma de las variables.

5.4. Stable Isotopes

Stable isotopes of the water molecule ('O vs
02H) are presented in Table 7. The &°H and 8'®0
values of the groundwater samples range from
-59.5%0 t0 -46.4%0. and -6.6%. to -3.5%.. The
weighted averages of 8%H and 8'®0 were of
-53.15%0 and -5.83%. vs V-SMOW respectively.
Because the low precipitation that characterizes
this arid zone (20 mm/year), we have no data
about regular measurements of 62H and 60 in
rainfall. So, due to proximity to study area, the
Global Meteoric Water Line (GMWL) &2H = 8530
+10 (2) (Craig, 1961), Sfax’s Local Meteoric Lines
(LMWL) &2H = 88'®0 + 13.5 (3) defined by Abid
et al. (2009) and Mean modern rainfall in Sahara
(60 = -5.1%0, 6°H = -26%0.) (Edmunds et al.,
2003) are presented as a reference for compari-
son with the groundwater samples of El Golea
phreatic aquifer.

Study of phreatic aquifer in an arid area
(El Golea region)

Table 7. 5'®0 and &°H groundwater contents.

Tabla 7. Contenidos en 0 y &°H de las aguas subter-
raneas.

6. Discussion
6.1. Hydrogeochemical Assesments

6.1.1. Weathering and Dissolution:
Ca?*/Mg**ratio

Calcium and magnesium in groundwater can be
the result from different sources, the leaching of
limestone, dolomites, gypsum, and also from the
cation exchange process. Carbonate rocks react
with groundwater in the following two reactions:

CaCOscasite)+H20+CO, — Ca**+2HCO; (4)

CaMg(CO3)2(do|omite)+2H20+2002 - (5)
Caz*+Mg?+4HCO;

By calculating this ratio, we can identify the car-
bonate mineral responsible for the presence of
calcium and magnesium in groundwater samples.
If this ration is close to 1, then the dissolution of
dolomite is dominant; if this ratio is between 1-2,
then the dissolution of calcite is dominant (Mayo
and Loucks, 1995). A ratio higher than 2 indicates
a non-carbonate origin of these two elements. Fig-
ure 13a shows that most of the water samples have
a ratio between 1 and 2; indicating that the calcite
dissolution is dominant. There are also 7 water
samples with a ratio <1 (W4, W5, W6, W13, W15,
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W17 and W27) characterized by the dolomite dis-
solution, and two water samples with a ratio higher
than 2 (W1and W19), which probably indicates ion
cation exchange effect (clay minerals).

6.1.2. Weathering and Dissolution: Na* vs CI

In semi-arid and arid regions, Na* vs CI relation-
ship has often been used to identify the mechanism
for acquiring salinity and saline intrusions (Herczeg
and Edmunds, 1999). This ratio used also to deter-
mine dominant silicate weathering and ion-ex-
change in groundwater. Figure 13b shows that 14
water samples are close to the 1:1 line (dissolution
line), which is characteristic of halite dissolution in
groundwater. It is also observed that 6 water sam-
ples are above the 1:1 line which is explained by
the Na* derivate of from silicate weathering reac-
tion and 6 water samples are below the line1:1
indicate evaporation dominance (Jankowski and
Acworth, 1997; Singh et al., 2017).

6.1.3. Weathering and Dissolution:
Ca?vs HCOy

The influence of evaporate dissolution, silicate
weathering or carbonate weathering on groundwa-
ter chemistry can be identified by a plot between
Ca? vs HCOjy (Singh et al., 2017). The scatter plot
illustrated in Figure 13c shows that 12 samples are
distributed above the 1 :1 equiline, indicating that
the carbonate and clay minerals (silicate) weath-
ering contributes to groundwater mineralization
(Datta and Tyagi, 1996; Tziritis et al., 2017). More-
over, it can be observed that 16 samples are dis-
tributes below the 1:1 equiline, reflecting the pre-
dominance of evaporate dissolution.

6.1.4. Weathering and Dissolution: Ca*vs SO,*

The plot illustrated in Figure 13d indicates that
most of samples trend along and above the
1:1equiline with some samples are close to this
equiline, which indicates the presence of dissolu-
tion of evaporates rock like gypsum (CaS0,2H,0)
or anhydrite (CaSQ,) in the area.

However, in the other case where some sam-
ples deviate significantly from the 1:1 equiline, the
few high individual SO,* values may be due to
anthropogenic factors such as the use of soil
amendments (Tziritis et al., 2017) and an aug-
mentation in Ca?* is probably due to reverse
ion-exchange (Sheikhy Narany et al., 2014).
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6.1.5. lon Exchange

The scattered plot between (Ca?*+Mg?*) and
(HCO4+S0,?) identifies the ion exchange process.
If the samples are close to equiline (1:1 line) so the
dominant process in the aquifer is the dissolution
of dolomite, calcite or gypsum (Li et al., 2014). lon
exchange tends to shift the points right to the
1:1line due to excess of (HCO;+S0O,%) while the
excess of (Ca?*+Mg?*) means that the major pro-
cess will reverse ion exchange and where the sam-
ples tends to shift left to the 1:1 line (Singh et al.,
2014). The plot of (Ca**+Mg?*) vs (HCO;+S0,*)
(Figure 13e) shows that most of samples are close
to the equiline line, indicating that dissolution of
carbonate minerals (calcite and dolomite), and gyp-
sum are the dominant reactions (Fisher and Muli-
can, 1997; Mc Lean et al., 2000). One sample (W5)
has a high concentration of (Ca2*+Mg?*) indicates
that reverse ion exchange and carbonate weather-
ing is the most dominant process (Kumar et al.,
2009; Krishnaraj et al., 2011; Rina et al., 2013).

6.1.6. Evaporation

The evaporation process is a climatic factor that
can increase ions concentrations in groundwater.
An effect of evaporation can be ascertained by the
use of Na* versus CI ratio of groundwater. When
this factor is the prevailing process, we show that
this ratio (Na* versus CI) remains constant with
increase in EC (Jankowski and Acworth, 1997).
Consequently, the evaporation effect can be ob-
served when the plot of Na/Cl versus EC would
give a horizontal line. In our case study, the plot of
(Na*/CI') vs EC of the groundwater samples (Figure
13f) shows that all the samples fall on horizontal
trend line, indicating that the evaporation effect is
the major process taking place in this area.

6.2. Geochemical modeling

In general, the interaction processes between
water and the aquifer matrix controls groundwater
geochemistry (Kaur et al., 2019). One of the ob-
jectives of the saturation index calculation is to
predict the mineralogical aspect of the solid matrix
of the reservoir rock without the need to collect
samples of the latter (Appelo and Postma, 2004;
Bouteraa et al., 2019). Table 8 summarizes the
results of the saturation index calculations for the
selected minerals (Calcite, Dolomite, gypsum,
and Halite).
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Figure 13. Bivariate plots of a) well numbers vs Ca?/Mg?*, b) Na* vs CI, ¢) Ca?*vs HCOg, d) Ca?* vs SO,?, e) (Ca?*+Mg?) vs

(HCO4+S0,?) and f) (Na*/Cl') vs EC.

Figura 13. Representacion de a) numero de pozo vs Ca*/Mg?*, b) Na* vs CI, ¢) Ca?* vs HCOy', d) Ca?* vs SO,, e) (Ca?*+Mg?*)

vs (HCO, +S0.2) y f) (Na*/Cl) vs EC.

Table 8 shows that calcite has positive satu-
ration values in most wells (20 wells), for dolo-
mite, only10 wells have positive saturation values
indicating oversaturation with respect to these
two minerals and a tendency to precipitate (Fig-
ure 14a). For gypsum, all the samples were below
the equilibrium state indicating undersaturation
with respect to this mineral (Figure 14b). Given

the arid climate, this is probably to be a result of
evaporation (Gaofeng et al., 2010). For halite, the
values are too low, resulting in a fairly low satu-
ration (Figure 14c).

In Figure 15, the 8°H and &'®0 data of phreat-
ic groundwater samples were plotted on a dia-
gram that relates 6°H = f (5'®0) and compared to
the Global Meteoric Water Line (GMWL) (Craig,
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Table 8. Evolution of mineral saturation index using PHREEQC.

Tabla 8. Evolucion de los indices de saturacién de los min-
erales obtenidos con PHREEQC.

1961), Sfax’s Local Meteoric Lines (LMWL) de-
fined by Abid et al. (2009) and Mean modern rain-
fall in Sahara (Edmunds et al., 2003).

Figure 14. Saturation index variation of a) carbonate miner-
als, b) gypsum, and c) halite.

Figura 14. Variacion del indice de saturacion de a) miner-
ales carbonatados, b) yeso, y c) halita.

In this diagram (Figure 14), the scatter plot of
phreatic aquifer groundwater follows the trend line
0%H = 3.536'®0 — 32.6 (6) with R> = 0.65. we ob-
served that all of the samples were located large-
ly below both the GMWL of Craig (Craig, 1961)
and Sfax’s local meteoric lines (South Tunisia)
defined by Abid et al. (2009) indicating their old
origin. These depleted values of *H and 680 can
be explained by the presence of mixes of phreat-
ic groundwater and Continental Intercalaire (Cl)
waters the main source of irrigation in this region
(actually this study area has hundreds of wells of
Cl aquifer essentially used for irrigation). The
most important example of this mixes of ground-
water between Cl aquifer and phreatic aquifers is
the isotopic data of the sample W2 which present
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values of 8°H and 80 close to isotopic values
from Cl aquifer (Table 7 and 2). Moreover, Hakimi
et al. (2021) suggested the existence of mixing of
the typical old CI groundwater with younger and
evaporated water infiltrated under the dune of the
Great Occidental Erg.

Figure 15. Oxygen18-Deuterium relationship in regional
groundwater.

Figura 15. Relacion Oxigeno18-Deuterio en las aguas sub-
terraneas de la region.

7. Conclusions

This study is aimed to determine the hydro-
chemical process of groundwater mineralization
in the El Golea oasis, located in Algerian Sahara.
The spatial variability of EC shows an increase of
this parameter towards the center and the south
of the region, the values range from 483 to 6070
(MS/cm) indicating a wide variation. According to
Piper’s classification, the dominant hydrogeo-
chemical facies of groundwater samples in this
area are mixed Ca-Mg-CI-SO, (14 samples 50%),
followed by Ca-HCO; and Na-ClI with five samples
(18 %) for both types, and finally mixed Ca-Na-
HCO; with four samples (14 %).

Multivariate statistical analysis of the ground-
water samples confirmed the predominance of the
above-mentioned geogenic and anthropogenic
factors. The results of the correlation matrix anal-
ysis show a very strong and positive relationship
between EC and CI, SO,*, Na* and Mg?*. A mod-
erate positive relationship is observed between
EC and (K* and Ca?*) with R equals to 0.57 and
0.69, respectively. This high correlation between
EC and the majority of chemical elements indi-
cates the contribution of these ions on the con-
ductivity of groundwater. The application of prin-
cipal component analysis showed that the first
axes F1 has a very strong correlation between EC
and the majority of chemical elements, with the
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exception of nitrates, which appear to be of an-
thropogenic origin. The second axes F2 is high-
lighted by significant factor loading (> 0.5) of pH
and HCOj reflecting the signature of natural water
recharge and water soil/rock interactions. Hierar-
chical Cluster Analysis (HCA) showing two distinct
clusters were obtained and indicating the impor-
tant role of water-rock interaction in controlling
groundwater chemistry.

The ions ratio of Ca?*/Mg?*, Na* vs CI, Ca?* vs
HCOjy, Ca? vs SO,?, (Ca?* + Mg?*) and (HCO; +
S0,?%) and (Na*/Cl') vs EC shows the importance
of weathering, dissolution, ion exchange and
evaporation processes on the acquisition of min-
eralization.

Relation between groundwater level and satu-
ration index of minerals discloses the result of
evaporation process on groundwater chemistry.
In this arid zone, all groundwater samples are
undersaturated with respect to evaporite minerals.
On the other hand, carbonate minerals (calcite)
are oversaturated in.

Isotopic assessments supplemented the hy-
drogeochemical and statistical results for ground-
water. At the level of the El Golea oasis charac-
terized by an arid climate, the study of '®0O and 2H
of this shallow aquifer showed that samples
groundwater have undergone evaporative frac-
tionation, These depleted values of isotopic com-
position seem to indicate that this groundwater is
composed from mixes of phreatic groundwater
and Continental Intercalaire (CI) (old origin) (sam-
ple W2).
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