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Abstract

Purpose. Several natural and anthropogenic factors control the hydro-geochemical behavior of groundwater. These factors
influence on the quality, even the suitability of this resource for drinking. The main purpose of our study is the application of
multivariate statistical methods to compile the mechanisms of mineralization acquisition in confined aquifers.

Methods. The adopted method measures the chemical evolution of Ca*?, Mg*?, Na*, K*, HCO?, CI;, SO42, NO3, NO?,
NH*, and PO4 using an atomic-absorption spectrometer. The content of nitrogen and dissolved oxygen is measured using a
spectrophotometer. Temperature (T°), electrical conductivity (EC), pH and dissolved oxygen are determined using a multi-
parameter system.

Findings. The main results show that 28 water samples from the Mio-Plio-Quaternary aquifer of the Gadaine-Ain Yaghout
plain have chemical facies of chloride, sulfate-calcium and chloride-magnesium types.

Originality. The originality of the study is in the demonstration that water acquires its carbonate mineralization at the sup-
ply limits. Whereas it acquires its chloride, sodium and sulfate mineralization in contact with terrigenous saliferous formations,
as well as in its interaction with the salt chotts formations. The results show a significant variation in the concentrations of
chemical elements, in some cases exceeding drinkability standards. Mineralization is mainly caused by the dissolution of
evaporitic minerals such as gypsum, halite and epsomite.

Practical implications. The practical implications of this study could be resumed in terms of the convenience of multiva-
riate statistical evaluation of complex physical-chemical databases in identifying pollution sources and understanding temporal

variations for effective groundwater quality management in semiarid regions.
Keywords: semiarid, shallow aquifer, physical-chemical, multivariate, pollution

1. Introduction

The chemical composition of groundwater can be influenced
by several natural and anthropogenic factors [1]-[7]. Natural
processes that affect water quality include dissolution, pre-
cipitation rate and chemical saturation of water, while hu-
man activities include over-pumping of the aquifer, domes-
tic and industrial discharges, as well as agricultural practic-
es [8]-[12]. Therefore, the sustainable management of pota-
ble-quality water requires proper control of the geochemical
behavior of the aquifer [13]-[20]. The deterioration of the
physical-chemical quality of the waters in the endorheic
basins of NE Algeria is caused by the dissolution of car-
bonate rocks, chott salinization, and the improper use of
nitrogen fertilizers in agriculture [21]-[24].

Standard multivariate statistical analysis methods such
as Principal Component Analysis (PCA) and/or Factor
Analysis (FA) have been extensively applied to analyze
groundwater quality data in different aquifers around the
world [25], [26]. These approaches are able to oversimplify
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groundwater-quality data by reducing the amount of para-
meters to a small number of factors, while extracting signi-
ficant groundwater information. This makes it possible to
identify predictive variables for the geochemical behavior
of water resources [27]-[29].

The pollution of the Gadaine-Ain Yaghout aquifer is in-
fluenced by the dissolution of Triassic and carbonate depo-
sits, as well as domestic discharges and the improper use of
chemical fertilizers. The repeated use of these waters poses a
major public health problem. To address this issue, our study
monitored the current state of water quality and the spatial
distribution of pollutants. For this task, we conducted a sam-
pling campaign to identify the physical-chemical composi-
tion of waters [30]. Our study aims to address the lack of
knowledge about the hydro-chemical evolution control of
waters in semiarid regions. The main attention is paid to the
behavior of polluting elements in the groundwater of the
Gadaine-Ain Yaghout plain. Firstly, we investigated the
variation of physical elements in shallow aquifers. Then,
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using PCA and FA, we characterized the physical-chemical
properties of water to demonstrate the relationship between
the elements and factors controlling the distribution of Ca*?,
Mg+2, Na*, K*, HCOgs, CI, 304'2, NOsz, NO2, NHs* and
PO42 elements.

2. General setting

The Gadaine-Ain Yaghout plain is located in the north-
east of Algeria between the latitudes 35°40'36.10" to
35°54'8.88" and longitudes 6°13'22.79" to 6°30'36.94". This
plain belongs to the NW fringe of the high plains in the
southern Constantine, between the Neritic and the Atlas
zones (Fig. 1). Mio-Plio-Quaternary (MPQ) formations filled
the plain on a Jurassic-Cretaceous carbonate substrate out-
cropping at the edge of the basin [31], [32]. This plain is
mainly agro-pastoral with an intensive cereal crop cultivation
on an area of 10 731 ha. The Gadaine-Ain Yaghout region is
characterized by a semiarid climate with an average annual
rainfall of 338 mm and an average temperature of 15°C. The
runoff, estimated by the empirical formula of Tixeront and
Berkaloff, benefits from only 5.3% of precipitation, while
infiltration is only 1.06% [33]. There are two levels of aqui-
fers; one shallowly is characterized by heterogeneous MPQ
formations of lacustrine limestone, alluvium and clays facies.
The groundwater table of this aquifer can either be basic in
the chott of Gadaine, or free or semi-free in its vicinity. This
aquifer is recharged by carbonate reliefs at the boundaries, as
well as by effective precipitation [34]. Deep carbonate for-
mations from the Jurassic and Cretaceous periods constitute
the second aquifer. Its recharge occurs due to the foothills of
massifs, as well as the runoff of surface water in the absence
of waterproof screen in place and at fracture level [35].

Figure 1. Geographic location of the study area

The piezometric maps of the study area show that the wa-
ters flow converges towards a drainage zone located in the
foothills of the Tizourit and Guedmane massifs [36], [37]. In
contrast to the bottom of the plain occupied by the Gadaine
and Tenet Saida chotts, where the water is drained by the
Tinsilt chott, the piezometric depression mainly reflects the
excessive exploitation of the water table by a large number of
wells and boreholes, intensified by the acute drought caused
by climate change [38].

39

3. Methods

We conducted a sampling campaign at the end of the
flood period (June 2018) to analyze physical-chemical pro-
perties of groundwater in the Gadaine-Ain Yaghout region.
Twenty-eight (28) water samples have been taken at various
locations throughout the study region, including water points
(boreholes) located throughout the plain, to determine water
quality (Fig. 2).
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Figure 2. Natural conditions of the Gadaine-Ain Yaghout region

A graphic and cartographic representation of the physi-
cal-chemical characteristics is used to conduct this analy-
sis [39]. Chemical analyzes were performed at the Horizon
Laboratory in Annaba (H.L.A.). The chemical elements Ca*?,
Mg*2, Na*, K*, HCOs, CI,S042,NOs, NO2, NHs*and PO43
were measured using an atomic absorption spectrometer for
cations and titration assay for chlorides and alkalinity [40].

Spectrophotometry was used to measure the elements of
nitrogen and dissolved oxygen. Sodium paranitosalicylate of
yellow color (415 nm) is formed by nitrates in the presence
of silicates. A portable multi-parameter system type WTW
LF197 was used to measure temperature (T°), electrical con-
ductivity (E.C.), pH, and dissolved oxygen on the ground [41].
In order to know the reliability of our chemical results, the
ionic balance calculated for all analyzed water samples is
estimated at about 5% for all samples. All mapping of the
various studied parameters is performed using the GIS tech-
nique [42]-[46]. The statistical processing was carried out
using the Statistics and Phreeqc-2 (V 2.10) program [47], [48].

4. Results and discussion

We have presented and interpreted the observed qualita-
tive physical-chemical trends to make the results easier to
use. Therefore, we provide interpretation results to determine
the natural or anthropogenic origin of the elements found
(Table 1). Descriptive statistic of physical-chemical analyzes
of the Gadaine — Ain Yaghout plain groundwater (Table 2) is
intended to summarize the observations on the state of its
qua-lity. It has been revealed that for the average values,
there is a predominance of the HCO?%, CI, SO4?, and Ca*
elements over the other parameters.
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Table 1. Descriptive statistics of the physical-chemical groundwater parameters in the study area

Standards

Parameters AWS WHO® Maxi Min Average SD dev
CE (uS/cm) 2800 — 13650 1320 4950 2.78
pH 6.5a9 6.5a8.5 8.3 7.75 7.99 0.12
T(°C) 25 — 24 16 19.18 1.93
02 (mg/l) — - 13.2 6.2 10.14 1.79
Ca* (mg/l) 200 100 3145 428.8 1027.25 553.78
Mg?* (mg/l) — <100 1144 139 371.34 203.86
Na* (mg/l) 200 200 1420 58 414.86 328.53
K* (mg/l) 12 250 20 1 9.26 5.35
Cl-(mg/l) 500 200 a 300 5538 397.6 1922.07 1037.55
SO4*(mg/l) 400 < 250 3000 290 1179.64 716.84
HCOs(mg/l) — - 6439.5 878.2 2103.44 1133.90

Nb: the Algerian Water Standards (AWS) were set by decree No. 14-96 of March 4, 2014, defining the quality of water for human consumption

In this case, the average values of electrical conductivity
and dissolved oxygen is also higher or lower. In addition, each
physical parameter appears to have some homogeneity; howev-
er, the chemical parameters exhibit significant heterogeneity.

4.1. Spatial variation of the physical-chemical parameters

4.1.1. Electrical conductivity (EC)

The spatial EC distribution (Fig. 3) shows two distinct
zones: the first with EC from 1000 to 5000 pS/cm, observed
at the East and southwest of the plain, and near Jebel Gued-
mane. In the vicinity of the Ain Yaghout Mountains, water
points have values of <2800uS/cm. These values are influ-
enced by the direct feeding from these landforms. The sec-
ond value EC > 5000 puS/cm is observed in the chotts area.
At the Tinsilt chott boundary, the maximum value reached
13650 pS/cm. This contrast of variation shows an increase in
mineralization in the groundwater flow direction.
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Figure 3. The Electrical conductivity map of the study area

The excessive mineralization of these waters can be ex-
plained by the longer migration time in the aquifer, which
allows a greater quantity of minerals to pass into solution from
the crossed formations, in particular, evaporitic and Triassic
soils. In addition, the increase in conductivity is related to the
evaporation of near-surface water, agricultural activities and
the discharge of urban wastewater containing chlorides.
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4.1.2. Evaporitic elements

In all water samples, the calcium level exceeds the Alge-
rian standard (200 mg/l). The highest values were recorded
near the Tizourit carbonate massif, to the northeast of the
plain and at the F69 drilling site; while, at the water wells
N°F42 and F27 in the feeding zone, a range of 428.8 mg/l
was measured. However, moderately high concentrations
(about 1000 mg/l) are found in the F65 well, located near
wadi El Madher, where the treated wastewater from the city
of Batna and the untreated wastewater from the village of Ain
Yaghout are discharged. The standard deviation value is
553.78, which reflects a large variation in the content, because
the Ca?* ion is of both natural and anthropogenic origin.

The Mg?* content ranges between 139 and 1144 mg/l.
This increase in concentration is conditioned by the nume-
rous reactions of cation exchange, adsorption and desorption
on clay minerals, which influence on the magnesium dissolu-
tion of in the underground environment from clays and marls
present in the plain, as well as dolomites constituting the
reliefs. The spatial distribution of the Mg?* ion is identical to
that of calcium. The sodium content is between 58 and
1420 mg/l, of which most of these concentrations are outside
the Algerian standard of drinkability (200 mg/l). Excessive
Na* values are observed near the Taricht, Teniet Saida, Grart
El Gaid chotts and around the Tinsilt chott, where evaporitic
formations are very abundant. So these values are completely
consistent with geological characteristics.

The K* element concentration ranges from 1 to 20 mg/I,
which is caused by the alteration of potassium clays and
chott evaporites. They are located at the F134 and F158
wells, where intense agricultural activity is carried out with
the use of chemical fertilizers rich in potassium, such as:
“Mairol vert 14/12/14” and “Verdicrop 12/12/36”.

Except for the F42 borehole (397.6 mg/l), chloride levels
recorded in groundwater are generally higher than Algerian
drinking water standards (500 mg/I) with levels ranging from
781 to 5538 mg/l. These values are dominant compared to
other elements. This indicates the existence of a very im-
portant salt contribution of clays, Triassic marls, and evapo-
ritic formations. The most significant concentrations are
found in the vicinity of the chotts. The reason for the in-
creased concentrations in the analyzed water may be anthro-
pogenic inputs related to domestic water discharges, the use
of chemical fertilizers containing potassium chloride, and, as
a result, irrigation water discharges.

The values of the sulfate content in the analyzed waters
are within the range of the Algerian standard (400 mg/l).
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They are observed at the level of boreholes F27 (east of the
plain) and F67 (southwest of the plain). Whereas the highest
concentrations (> 2500 mg/l) are measured at F97, F112, and
F158 water points. These contents are concentrated at the
level of the chotts after the dissolution of the Triassic gyp-
sum and evaporites, enrichment of which in this element on
the plain occurs in the direction of the groundwater flow.
However, the anthropogenic origin of sulfates is not exclu-
ded at the points with the highest concentrations due to the
use of sulfate-ammonium type fertilizers.

In addition, the sulfate content is very dependent on the
redox potential of the medium. The analyzed waters are rich
in oxygen (typical for a shallow aquifer), which contributes
to the oxidation of sulfide minerals and the formation of
S04 ions in solution.

4.1.3. Carbonate elements

Analyzes indicate a bicarbonates content between 878.2
and 6439.5 mg/l and a high standard deviation of 1133.90.
Enrichment in HCO?®* is observed in all analyzed waters,
especially in the southern foothill of the “Tizourit” carbonate
massif and closer to the northeast of the plain. This enrich-
ment is certainly caused by the water-rock interactions (lime-
stone and dolomites of the Jurassic-Cretaceous formations)
with HCO® release.

4.1.4. Nitrogenous elements and heavy metals

The descriptive statistic of the results of analyzes of ni-
trogenous, phosphorus and metallic elements in trace
amounts (heavy metals) of the Gadaine — Ain Yaghout
groundwater (Table 2) shows that each element presents
certain homogeneity.

Table 2. Nitrogenous, phosphorus and metallic elements in trace
amounts in groundwater

Standards

Standard WHO Max Min  Average STD
elements AWS @o17) (mg/l)  (mg/l)  (mg/l) Dev
NOs 50 50 66 24 30.5 7.85
NO2 0.2 3 0.6 0.09 0.19 0.09
NH4* 0.5 - 0.93 0.13 0.3 0.17
POs* 5 - 12.4 7.2 8.68 1.09
Zn?* 5 <4 2.3 0.02 0.36 0.45
Cu®* 2 2 0.44 0.003 0.08 0.11
Fe? 0.3 <03 0.35 0.014 0.05 0.07
Cd*  0.003  0.003 0.31 0.010 0.08 0.08
Sr — - 0.131  0.014 0.04 0.03

4.1.5. Nitrates (NOs), nitrites (NO2)
and phosphate (PO43)

In the analyzed groundwater, nitrate content has been re-
vealed in the range of 24-38 mg/l. However, there is only
one point (F112) where the value exceeds 50 mg/l, with the
maximum value of 66 mg/l. This content may reflect an
anthropogenic input, due to which nitrates can enter
groundwater; by leaching after excessive application of
inorganic nitrogen fertilizers and manure from the
wastewater effluents from the municipal facilities of Ain
Yaghout and discharged into wadi EI Madher.

Nitrites values in 28 samples range from 0.09 to 0.6 mg/I
and exceed the ADE standard (0.2 mg/l) in 8 samples. These
points are located in the center of the plain, where reducing
conditions prevail at this time of the year; the soils have not
yet been plowed and therefore will not be well aerated. Am-
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monium was found in all water points. The concentrations
observed during this campaign are generally between 0.13
and 0.93 mg/l with a relatively low standard deviation (0.17).
These concentrations exceed the standard (0.5 mg/l) in three
samples: F97, F112 and F158. The highest ammonium con-
tent (more than 0.5 mg/l) is measured in the least oxygen-
rich water (the concentration of dissolved oxygen is 8.8, 6.9
and 9.7 mg/l, successively).

For phosphates, groundwater analyzes have revealed levels
much higher than the ADE standard (5 mg/l) and then ran-
ging from 7.2 to 12.4 mg/l. Of the 28 points, three have con-
centrations exceeding 10 mg/l, namely F69 and F112 (loca-
ted in succession next to the chott de Gadaine and Grart El
Gaid), as well as F63 (next to wadi EI Madher).

4.1.6. Heavy metals

Trace amounts of zinc were identified in all analyzed
samples. The levels ranging from 0.02 to 2.3 mg/I are lower
than the guide value proposed by ADE (5 mg/l), given that
the maximum was recorded at point F112 (Fig. 4). Sphalerite
leaching from the liasic dolomites of Jebel ElI Haouia (in
Ferkous H., 2007) may be a natural source of zinc in these
waters. The agricultural origin (manure, slurry and fertiliz-
ers) also determines the occurrence of Zn*2 in the analyzed
waters. Copper was identified in all sampled points, with a
maximum of 0.44 mg/ballast recorded in a sample (F112)
located in clays with the binding capacity of this element. Its
concentrations range between 0.003 (F69) and 0.44 (F112)
mg/l and remain well below the Algerian and WHO standard
(2 mg/l). Excluding the value of 0.35 mg/l (F112) of iron
(Fe*?), which exceeds the content set by ADE, observed
concentrations are generally between 0.014 and 0.19 mg/I
and remain below the standard (0.3 mg/l). For cadmium,
only three samples F27, F42 and F113 with concentrations of
0.002, 0.001 and 0.002 mg/l, respectively, are below the
threshold set by WHO and ADE. The increased levels ran-
ging from 0.21 to 0.31 mg/I are recorded in the northeast of
the plain. Strontium was found in all analyzed water samples
with content from 0.014 to 0.131 mg/l. These values remain
below 7 mg/l (this is a maximum acceptable concentration
(MAC), proposed by the Federal-Provincial-Territorial
Committee on Drinking Water (CEP) of Canada).
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Figure 4. Variation of the heavy metal content in the groundwater
of the study area

Chemically, strontium is similar to calcium, which it re-
places in carbonate rocks. Sedimentary environment seems to
be the most favorable contexts for the occurrence of stronti-
um in water, in particular, evaporite levels rich in celestine
(SrSO4), a mineral often associated with Triassic gypsum
(CaS04 2H,0). Consequently, high strontium concentrations
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are localized at the level of chotts, which enter from the
leaching of limestone from marginal reliefs under the influ-
ence of the direction of the underground flow.

4.2. Water-chemical facies

The presentation of the chemical analysis results on the
Piper diagram made it possible to reveal that 60% of the
waters have a chloride and sulfate-calcium facies, and 40%
of the waters have a sulfate-magnesium facies (Fig. 5).
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Figure 5. Piper diagram of the analyzed samples

Both facies indicate that natural mineralization is probably
the result of the influence of aquifer formations (such as clays,
carbonates, marls and Triassic gypsum) to acquire groundwa-
ter ionic mineralization, as well as an evaporative process that
concentrates evaporite-forming elements at the chott level. The
presence of fractured and Kkarstified limestone formations at
the boundaries indicates infiltration of precipitation waters,
where they acquire their initial bicarbonate-calcium minerali-
zation, which explains the low salinity of waters at these
boundaries. These waters are more mineralized with chlorides,
sodium and sulfates on contact with terrigenous saliferous
formations due to the dissolution of salt minerals, Base Ex-
change with clays and concentration of water in chemical
elements according to the direction of underground flow.
However, the anthropogenic origin of chlorides, sulfates and
calcium is not excluded. Elevated concentrations in the ana-
lyzed water are caused by domestic water discharges, the use
of fertilizers, and irrigation water discharges.

The analyzed samples presented in the Chadha diagram
(Fig. 6) show water of the “chloride-calcium-magnesium” type
for all waters of the plain, where alkaline earths (Ca*? + Mg*?)
prevail over alkalis (Na* + K*), and the couple (CI" + SO4?)
prevail over bicarbonates (HCOz). Waters of this type acquire
their mineralization in the process of reverse ion exchange; there-
fore, when irrigated, they do not deposit residual sodium car-
bonate. The “chloride-calcium-magnesium” indicates a mixture
of water from a shallow aquifer with water from a deep aquifer.

4.2.1. Water-rock interaction

Water-rock interactions and fluid circulations are recog-
nized as the main agents of matter mobilization and transporta-
tion. Thus, the chemical composition of groundwater reflects
the mineralogical composition of host rocks and can be used to
localize recharge areas, the origin of groundwater (meteoric,
marine, fossil, magmatic and metamorphic) and different che-
mical compounds (carbonate, sulfate, nitrate and ammonium).
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Water chemistry can also provide information about water-
rock interaction processes [49], [50]. The Gibbs graph show-
ing variations in Na/(Na + Ca) and CI/(Cl + HCO3) ratios as a
function of Total Dissolved Solids “TDS” (Fig. 7) indicates
that 82% of the samples are influenced simultaneously by the
process of evaporation and precipitation, while 18% are
controlled only by the action of evaporation.
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Surface water and moisture present in the unsaturated
zone is concentrated by evaporation, resulting in the precipi-
tation of evaporites that are eventually leached into the satu-
rated zone. Given the intensification of irrigation activities
associated with the shallow water depth in agricultural re-
gions, evaporation has become the major factor in the con-
centration of ions, which causes an increase in salinity and
TDS (TDS max = 20483 mg/l).

4.3. Statistical analysis

4.3.1. Multivariate statistical analysis

Principal Component Analysis (PCA) is a multidimen-
sional exploratory statistical tool. It is one of the most widely
used multivariate data analysis methods. It allows you to

explore multidimensional datasets made up of quantitative
variables. The data were processed using a reduced centered
PCA on a rectangular array of 20 variables (EC, T, pH, Og,
Ca+2, Mg+2, Na*, K*, CI, 804'2, HCOz3, NOs,, NO2, NH4*,
PO43, Fe*?, Zn*2, Cu*2, Cd*2 and Sr*2 and 28 individual sam-
ples, using XLSTAT software).

The PCA uses a matrix indicating the degree of similarity
between variables to calculate matrices that allow variables
to be projected into a new space. Typically, the Pearson
correlation coefficient is used as an index of similarity. When
the latter is close to +1, these variables provide the same
information. Table 3 shows the different correlations be-
tween the variables two by two.

Table 3. Groundwater correlation matrix in the Gadaine-Ain Yaghout plain

* Ca*? Mg Na* K' CIF HCOs SOs NOs NOz POs% NH4t Fe** Zn* Cu* Cd* S 02 CE PH T
Ca? 1

Mg*?).998 1

Na* 0.864 0.867 1

K* 0.496 0.504 0426 1

Cl- 0.941 0.941 0.909 0519 1
HCO3z 1.000 0.998 0.864 0.496 0.941 1

SO4 0.615 0.622 0.653 0.253 0.576 0.615 1

NOs -0.097 -0.090 0.144 -0.181 -0.003 -0.097 0.314 1

NO2 -0.006 -0.009 0.164 -0.091 0.004 -0.006 0.455 0.768 1

POs® 0.165 0.180 0.217 0.333 0.217 0.165 0.496 0.604 0.469 1

NH4* 0.575 0.575 0.674 0.260 0.630 0.575 0.743 0.616 0.621 0.688 1

Fe?* 0.039 0.046 0.265 -0.044 0.144 0.039 0.583 0.780 0.737 0.706 0.753 1

Zn?* 0.065 0.069 0.226 0.041 0.147 0.065 0.361 0.837 0.760 0.686 0.753 0.798 1

Cu** 0.061 0.063 0.203 -0.102 0.141 0.061 0.517 0.576 0.480 0.576 0.651 0.857 0.654 1

Cd** 0.852 0.851 0.876 0.532 0.896 0.852 0.418 -0.085-0.112 0.106 0.511 0.013 0.045 0.009 1

Sr* 0.941 0.943 0.936 0.520 0.954 0.941 0.689 0.084 0.128 0.296 0.715 0.257 0.236 0.264 0.872 1

02 -0.122 -0.124 -0.226 -0.063 -0.234 -0.122 -0.388 -0.280 -0.250 -0.123 -0.278 -0.393 -0.329 -0.418 -0.028 -0.260 1

CE 0.935 0.940 0.897 0.524 0.949 0.935 0.667 0.073 0.145 0.301 0.713 0.234 0.248 0.260 0.868 0.977 -0.257 1

PH -0.657 -0.654 -0.457 -0.297 -0.609 -0.657 -0.207 0.234 0.209

0.049 -0.266 0.161 -0.030 0.056 -0.609 -0.586 0.052 -0.625 1

T° -0.296 -0.292 -0.306 -0.009 -0.278 -0.297 -0.268 -0.180 -0.112 -0.302 -0.227 -0.201 -0.077 -0.189 -0.261 -0.306 0.031 -0.2870.043 1

There is a strong bond between electrical conductivity
and calcium, magnesium, sodium, chlorides, bicarbonates,
and to a lesser degree with sulfates, which gives water of the
chlorinated and sulfate calcium-magnesium type. These
waters have acquired their chemical composition from the
dissolution of evaporitic minerals such as halite (NaCl) and
gypsum (CaSO4, 2H,0). The presence of evaporites is con-
firmed by the high correlation between sodium and chloride
ions (r =0.9) and a good bond between calcium and sulfates
(r=0.61). A strong correlation between Ca?* and Mg?* is
conditioned by the phenomenon of dolomitization. The good
bond between Ca?, Mg?*, Na*, K*, Cl, SO4% and HCO*
suggests that these elements may have a common origin.
After the abuse of chemical fertilizers, good similarities
appeared between nitrates and “phosphates”, between am-
monium and “sulfates, nitrates”, thus between zinc and “ni-
trogenous elements, phosphates”, and finally between copper
and “nitrogenous elements, phosphates, zinc”.

For this analysis, we will present only the projection of
variables and individuals on the first factorial plane (F1-F2),
which recovers the maximum of information contained in the
entire table and has a total inertia of 73.2% (Table 4). The
other dimensions provide little information, so it is not
necessary to visualize them. To interpret the projection or the
distribution of individuals on the factorial plane (F1-F2)
(Fig. 8), it is necessary to make a correlation between the
variables and factors F1 and F2 to construct a circular corre-
lation graphs (Fig. 9).

Table 4. Inertia of the first two factorial axes

Factor F1 F2
Own value 9.58 5.06
Variability (%) 47.89 25.33
% cumulative 47.89 73.21

Observations (axes F1 et F2 : 73,21 %)

F2(25,32%)
b

e

=5!=:‘_§:_?{g:£‘ ETS

F1(47.89%)
Figure 8. Distribution on the factorial plane (F1-F2)

The variables Ca?*, Mg?*, Na*, K*, CI, SO, HCOys,
NH.*, POs%, Cd?, Sr* EC and pH show a significant posi-
tive correlation, except for the pH, which shows a significant
negative correlation with the first factor.
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Variables (axes F1 et F2: 73,21 %)

2(25,32%)
e

-1 £75 05 025 0 0,25 05 07 1

F1(47,89%)

Figure 9. Circular correlation graphs of variables

While the elements NOs, NOy, PO,*, Fe?*, Zn?* and Cu?*
indicate a significant positive correlation with F2 (Table 5).

Table 5. Correlations between variables and factors

Variable F1 F2 Variable F1 F2
Ca*? 0.914 -0.355 NH4* 0.820 0.499
Mg*? 0.916 -0.351 Fe*? 0.398 0.869
Na* 0.916 -0.131 Zn*? 0.388 0.801

K* 0.505 -0.271 Cu*? 0.366 0.730
Cl 0.932 -0.272 Cd*? 0.832 -0.389
HCOzs 0.914 -0.355 Sr+? 0.975 -0.157
SO« 0.761 0.295 02 -0.292 -0.326
NO3 0.225 0.861 CE 0.968 -0.161
NO2 0.263 0.785 pH -0.562 0.436
PO43 0.440 0.628 T° -0.344 -0.090

From Table 6, it is concluded that individuals F158 and
F112 make the greatest contribution, compared with other
observations, to the formation of the F1 and F2 successively.
This is well represented by the graph in Figure 10.

Table 6. Contributions according to observations (%)

Individual F1 F2 Individual F1 F2
F6 5.017 2.626 F69 1.076 2.283
F8 1.707 0.358 F74 1.036 0.259

F16 2.755 0.000 F77 0.047 0.211
F24 3.409 0.018 Fo1 2.321 0.080
F27 2.322 3.162 F97 6.225 2.782
F34 0.641 0.075 F112 9.498 72.296
F42 2.843 0.042 F113 1.749 0.057
F47 0.379 0.040 F123 1.897 0.026
F52 0.406 0.159 F134 6.479 0.145
F53 2.838 0.011 F141 2.013 0.029
F56 0.342 0.189 F151 0.230 1.299
F63 0.158 0.027 F157 2.972 2.358
F65 2.080 0.000 F158 35.118 11.078
F67 4,419 0.004 F159 0.024 0.384

&&&&&&&&&&&&&&&&&&&&&&&&&&

Indice de saturation (IS)

+— Aragonite —=— Calcite Dolomite —— Strontianite —=— Anhydrite Gypsum Halite Celestite

Figure 10. Variation of the saturation index for carbonate and
evaporitic minerals

Similarly, for variables, we can note that the elements Ca?*,
Mg?*, Na*, CI, SO, SO4*, HCOs', NH4*, Cd?* and CE make a
great contribution to the construction of the first axis. On the
other hand, NO3,, NO2, PO.*, Fe?*, Zn?* and Cu?* participate
to a large extent in the formation of the second factor, while pH
also interacts along both axes (Table 7, Fig. 11).

Table 7. Contributions according to observations (%)

Variable F1 F2 Variable F1 F2
Ca*? 8.716 2.493 PO43 2.022 7.794
Mg*? 8.766 2.430 NH4* 7.022 4,919
Na* 8.767 0.341 Fet2 1.653 14.916

K* 2.668 1.449 Zn*2 1.575 12.669
Cl 9.067 1.465 Cu*? 1.396 10.528
HCOs 8.717 2.492 Cd*? 7.223 2.983
SOy 6.040 1.717 Sr+2 9.916 0.489
NO3 0.528 14.633 CE 9.783 0.515
NO2 0.720 12.169 pH 3.297 3.747
Ca*? 8.716 2.493 PO43 2.022 7.794

Carbonate  minerals Evaporite minerals

Aragonite  Caleite

CaC03 CaMg(CO3)2  SrCO:

Dolomute  Strontiamite Anhydrite  Gypsum Halite Celestite

CaCo3 CaSO4 CaSO42H20 NaCl  SrS0:

Min 0,56 0,7 13 -3,22 -11 -0,88 -5,96 -3,65
Max 1,95 2,09 4,12 -1,85 0,03 025 -3.92 -2.35
Average 1,15 127 246 -2,66 -0.51 -0,29 -5,00 -2.98
sD 0,31 033 0.66 0,35 027 0,27 0,49 034

Carbonate  minerals Evaporite minerals

Aragonite  Calcite Halite Celestite

CaCO3 (CaMg(CO3)2 SrCO;

Dolomite — Strontianite Anhydrite  Gypsum

CaCO3 CaSO4 CaSO42H20 NaCl S804

Min 0,56 0.7 13 -3,22 -11 -0.88 -5.96 -3.65
Max 1.95 2,09 4,12 -1,85 0.03 0,25 -3.92 -2,35
Average L.15 1,27 246 -2,66 -0.51 -0,29 -5,00 -2.98
SD 0.31 033 0.66 0,35 027 0,27 0,49 0.34

Figure 11. Saturation index for mineral phases

In conclusion, the F1 factor maximizes inertia at 47% and
represents highly mineralized water (CE) rich in Ca?*, Mg?*,
Na*, CI, SO4%, Sr** and HCOy,, thus polluted with NH4* and
Cd?". All these elements are inversely related to pH, which
indicates its role in the dissolution of carbonate formations
and silicates in contact with acidic waters. Therefore, F1
explains the predominant mechanisms for acquiring under-
ground water mineralization in the Gadaine-Ain Yaghout
plain. Factor F2, which represents 25% of the information
contained in the dataset, describes water polluted with NO3',
NO_, PO43-, Fe?*, Cu?* and Zn?".

A common source of these elements is the leaching of
inorganic nitrogen fertilizers and manure. However,
sewage effluents, as well as leaching from some geologi-
cal formations, can create an additional origin for some
of these elements. Thus, the second dimension can
present water contaminated in general as a result of
agricultural activities.

Regarding the study of individuals, the first main compo-
nent is opposed to highly mineralized water points (F6, F69,
F77, F9, F97, F112, F134, F151, F157, F158 and F159, of
which sample F158 is the most loaded) among the weakly
mineralized ones. Highly mineralized waters are not suitable
for consumption and are located in chotts. While the second
main component is opposed to the boreholes most polluted
with NOgz, NOz, PO4%-, Fe?*, Cu?* and Zn?*, against the least
affected by these elements, of which F112 water point is
excessively polluted.
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4.3.2. Calculation of saturation index
for mineral phases

The study of the chemical equilibrium of groundwater
and the states of their saturation in terms of mineral phases,
first of all, requires the calculation of the ion activity. The
calculated saturation index expresses the degree of chemical
equilibrium between water and minerals in the aquifer matrix
and can be viewed as a measure of the dissolution and/or
precipitation process regarding the water-rock interaction.
The saturation indices and chemical equilibria were calculated
using the PHREEQC-2 software (version 2.10) (Fig. 11).

4.3.2.1. Saturation for carbonate minerals

The calculation of saturation indices covered only the most
abundant carbonate minerals in sedimentary environments,
namely calcite, aragonite (CaCOs), dolomite (CaMg (COs)2)
and strontianite (SrCQOz). Calcite dissolution is a fast reaction
and water can reach saturation by passing through the unsatu-
rated zone. The samples show positive saturation index values
(IS > 0) for calcite, aragonite and dolomite (Fig. 12a-d).

(a) (b)
. * - g *
g 4 =g !
x ' ] 3
R i . :
" CarHOOS ey " CatHCO3 wms
(c) (d)

IS Dolomite
.
IS Halite

. ‘3-..
.

Na+Cl ime
Figure 12. Saturation of groundwater: (a) for calcite as a function
of Ca+ HCOs concentration; (b) for aragonite as a
function of Ca + HCOs concentration; (c) for dolomite
as a function of Ca+ Mg+HCOs concentration;
(d) for halite as a function of Na + Cl concentration

CatMg+HCO3 imec

In general, these indices range from 0.56 to 4.12, reflecting
the state of precipitation of these minerals. On the other hand,
strontianite has a negative saturation index that ranges from
-1.85 to -3.22. These minerals arose as a result of the dissolu-
tion of limestone and dolomites from the Jurassic-Cretaceous
period. This state of supersaturation indicates an excess of Ca*?
and Mg*? ions, which inevitably results in very hard water.

Carbonate minerals vary in the same way and tend to pre-
cipitate mainly in the form of dolomite.

4.3.2.2. Saturation for evaporitic minerals

For evaporitic minerals, saturation indices for halite
(NaCl), gypsum (CaSO4-2H,0), anhydrite (CaSOs) and ce-
lestite (SrSO4) have been calculated. All samples from the
studied aquifer system show negative saturation indices for
halite (IS max =-3.92) and celestite (IS max =-2.35), testi-
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fying to the sub-saturation state of groundwater for these
minerals. A large number of samples (78%) show a state of
equilibrium with respect to gypsum, with the exception of six
samples that are in the range of -0.51 < IS <-0.88. Therefore,
they are undersaturated with this element. On the other hand,
10 samples are saturated with anhydrite (-0.47 < IS < 0.03),
while most of the analyzed waters (64%) are undersaturated
(-1.1 < 1S <-0.47) for this element. Evaporitic minerals are
predominantly in a state of undersaturation, even for CI-, SO,
and Ca*? ions, which have high concentrations in water. This
is explained by the influence of high values of the equilibrium
constant (log Ks) of evaporitic minerals CaSO4-2H,0 (-4.58),
CaSO; (-4.36), NaCl (1.58) and SrSO4 (-6.63). On the other
hand, for carbonate minerals, the equilibrium constant is
lower (CaMg (COa). (-17.09), CaCOs; (-8.48) and SrCOs3
(-9.27), which leads to a higher saturation index and, hence,
rapid precipitation of chemical elements (Fig. 13a-d).
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Figure 13. Saturation of groundwater: (a) for gypsum as a func-
tion of Ca + SO4 concentration; (b) for strontianite as a
function of Sr+ HCOs concentration; (c) for celestite
as a function of Sr + SO4 concentration; (d) for anhy-
drite as a function of Ca + SO4 concentration

Generally, the spatial distribution of saturation indices of
carbonate and evaporitic minerals in both directions of
groundwater circulation, the first of which is also the SE-NW
direction, the second is from the overexploitation zone to-
wards Tinsilt chott, where these indices reach their maximum
values. In particular, the saturation indices of CaSO4-2H,0
and CaSO; tend to balance at the level of the chotts. Here, the
presence of gypsum, which seems to be one of the reasons for
high SO4? and Ca* contents, is subsequently confirmed by
the positive correlation between Ca*? and SO4s2. At the same
time, magnesium is dissolved from the clays and marls pre-
sent on the plain, as well as from the dolomites constituting
the relief, which contributes to supersaturation with dolomite,
calcite and aragonite and, consequently, their precipitation.

5. Conclusions

The hydro-geochemical behavior of the Gadaine-Ain
Yaghout aquifer waters has been studied using the hydro-
chemical and statistical tools. It has been revealed that rain-
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water infiltration at the level of carbonate formations located
on the boundaries of the studied area, where waters acquire
their initial mineralization (carbonate) and are more mineral-
ized in chlorides, sodium and sulfates upon contact with
terrigenous saliferous formations of the Mio-Plio-Quaternary
period. This determines the waters of calcium and magnesian
chloride facies for all the waters of the plain.

The use of statistical tool makes it possible to show sig-
nificant relationships between electrical conductivity and
different chemical elements, thereby showing the strong
participation of sulfates, chlorides and sodium in the acquisi-
tion of salinity. The enrichment in these elements coincides
with the direction of groundwater flow (SE-NW), where
these elements are highly concentrated in the center of the
plain and at the level of the Tinsilt chott. The application of
principal component analysis, as well as the calculation of
the water saturation index has shown the existence of two
water sources. One of them is a natural source, conditioned
by the dissolution of carbonate and evaporite formations, and
an entropic source, conditioned by the agricultural use of a
vast plain in the study area with the abuse of nitrogen-
containing products.
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BararoBapianTHuii craTucTuyHmMii nigxia A0 ¢izuko-xiMivHOro Xapakrepy 3MiHU
MiJIKOBOJHHMX IPYHTOBHUX BOJ Y HANIBIOCYLIJIMBOMY CYXOMY KJIMAaTi: J0CTi:KeHH
Ha npukJjajai pisuuHu 'again-AiH JrxyT y niBHiYHO-cXiTHOMY AJKupi

I. JTi6, A. Xenimka, B. Uatrax, P. Xamxki

Merta. BcTaHOBIIGHHS MeXaHI3MiB Ha0yTTsS MiHepali3allii B 3aMKHYTHX BOJOHOCHHX TOPU30HTAX IIiJl BIUIMBOM HPHPOJHUX Ta aHTPOIIO-
TeHHHX (haKTOPIiB HA OCHOBI 3aCTOCYBaHHS 0araToBapiaHTHHUX CTATUCTHYHHUX METOJIB.

Metoauka. Ipuiinatuii MeTos BuMipioe ximiune Buainenns Ca*?, Mg*2, Na*, K*, HCO?, CI-, SO42, NO?, NO?, NH** i PO4* 3a nomo-
MOTOI0 aTOMHO-a0COpOLIHHOrO creKTpoMeTpy. BmicT a30Ty Ta po3YMHEHOr0 KHUCHIO BUMIPIOIOTH 32 JIOTIOMOTO0 crieKTpodoTomeTpa. Tem-
neparypa (T°), enekrponposinuicts (EC), pH i po3unHeHHii KHCEHb BU3HAYAIOTHCS 32 JOMIOMOTOI0 GaraTonapaMeTpiHYHOi CHCTEMH.

PesyabTaTn. BeranosneHo, mo 28 npod Boay 3 MiO-IITi0-4€TBEPTHYHOTO BOJOHOCHOTO TOPH30HTY piBHUHU [amaiH-AlH SrxyT MaooTh
XiMiuHi ¢auii XJI0puaHOro, Cyab(haTHO-KAIBIIEBOTO Ta XJIOPUAHO-MArHi€BOro THIIB. Pe3ynpTaTi moka3yroTh 3HaYHy Bapialilo B KOHIIEHT-
pamisx XiMIYHUX €JIEMEHTIB, SKi B JCIKUX BHUIAJKaX MEPEBUIIYIOTh CTAHIAPTH MPUIATHOCTI A1 NUTTSA. MiHepauizallisi B OCHOBHOMY CIIPH-
YHHEHA PO3YMHEHHSM MiHEPaiB, [0 BUMAPOBYIOTHCS, CAME TaKUX SIK TiIlC, TaJIT i eICOMIT.

HayxoBa HoBu3Ha. J[oBenieHO, 0 BoJa HaOyBae kapOOHATHOI MiHepali3alii Ha Mexi BOJOMOCTaYaHHs, TO/Ii SIK XJIOPHIHY, HATPIEBY Ta
cynbaTHy MiHepasi3aliilo BoHa Ha0yBa€ IpU KOHTAKTI 3 TEPUICHHUMH COJICHOCHUMH YTBOPEHHSIMH, a TAKOXK y B3aEMO/IiT 3 COJISTHUMHU YOTO-
BUMH yTBOpeHHsIMU. Lle BH3Hauae BOAN XJIOPUAHO-KAJIBLIEBUX Ta XJIOPHIHO-MarHe3iaapHuX (ariil Ui BCiX BOA PiBHHHHU.

IIpakTH4yHa 3HAYNMICTB. [IpakTH4HEe HIHHICTD [[OTO JIOCIIPKSHHS MOJISIrae y 3py4HOCTi 0araToBUMIpHOT CTATHCTUYHOT OLIHKH CKJIaJI-
HUX (i3UKO-XIMIYHUX 0a3 JaHUX y BU3HAYCHHI JKeper 3a0pyJHEHHs Ta pO3yMiHHI YaCOBHX KOJIMBAaHb JUIsl €EKTHBHOTO YIIPABIIiHHS SKICTIO
MiI3eMHHUX BOJ Y HaIMiBHOCYIUIMBHX PErioHaXx.

Knrwowuosi cnoea: nanisnocyunuguil, HeenubOoKuti 6000HOCHUL 20pU30OHM, PI3UKO-XiMivHUll, 6azamosapianmuul, 3a0pyOHeHHs
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