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ABSTRACT

In order to evaluate the physicochemical quality of groundwater in the Tagharist Wadi basin, which
is part of the semi-arid regions of south-eastern Algeria, and to identify the mechanisms resulting
in the mineralization of groundwater, physicochemical analyses have been carried out on 34 water
samples of Plio-Quaternary aquifer. The study area is a mountainous zone consisted of a certain
number of secondary ranges, which form the relief of the Aures massif. The stratigraphic series
belong to secondary, with, at the top, Miocene sandstones of limited extension in depth, which rest in
discordance on the limestones and marl-limestones of Cretaceous; this set is covered by Quaternary
consisted of a low proportion of red clay, pebbles, gravels, and coarse sand; these alluvia are of
calcareous, predominant, and sandy nature. The result obtained showed that the bicarbonate-calcium
facies dominates (94% of wells), and it originates from carbonate formations going along the water
table; the rest (6% of wells) are of sodium-bicarbonate facies. Electrical conductivity of water has an
average value of 974.75 uS/cm. Itis to be noted that the borehole P4 shows a high electrical conductivity,
probably due to irrigation return flow, the salinity of which would be accentuated by evaporation
and dissolution of some evaporitic inclusions. Saturation index shows that groundwater of the study
area is undersaturated with respect to gypsum, halite, and anhydrite. In contrast, carbonate-calcium
formations (calcite and aragonite) tend to be balanced. The descriptive analysis shows that water
salinity is very variable from place to place and increases in the water flow direction, impacted by
water-rock interaction, mineral dissolution and precipitation, base exchange, and anthropogenic
activity.
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1. Introduction

The water chemical composition of the wells and the
springs is mainly acquired during its crossing of the soil and
its residence in the reservoir. Water in contact with the host
rock acquires a mineral load typical of the crossed rocks. The
elements existing in solution therein are informative of the
crossed aquifer nature.

* Corresponding author.

The Tagharist Wadi constitutes the only water reservoir
of the mountainous area, characterized by a steep relief.
Arboriculture (apple and apricot trees) has a high level
growth in terms of farming development, with the emer-
gence of new fruits packaging industry, which has contrib-
uted to the stabilization of rural populations, accompanied
by solid and liquid discharge. The water tables of the upper
plains, being subject to pressure due to the exploitation of
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their water, undergo a degradation of their chemical qual-
ity, caused by natural processes, as well as by anthropogenic
activity. Our objective is to contribute to the understanding
of the mineralization process of groundwater in these areas,
using tools such as major and minor elements.

We have used the statistical and chemical tools approach
to better discriminate the processes responsible for the min-
eralization acquisition of the Tagharist Wadi valley water. It
is then important to rank the processes resulting in the mod-
ification of the water chemical composition and that induced
their degradation.

2. Materials and methods
2.1. Study area

The Tagharist Wadi basin is part of the semi-arid areas
of south-eastern Algeria, located about 40 km from the chief
town of the Khenchela province between 35°40" and 35°50’
of northern latitude, and between 6°50" and 6°60’ of eastern
longitude. The basin is limited to the south by Djebel Chelia,
and to the north by the Remila plain (Fig. 1).

The climate of the study area is semi-arid, with an annual
mean rainfall of 392 mm, and a mean annual temperature of
15.8°C.

The study area is a mountainous zone consisted of a cer-
tain number of secondary ranges, which form the relief of
the Aures massif. The stratigraphic series belong to second-
ary, with, at the top, Miocene sandstones of limited exten-
sion in depth, which rest in discordance on the limestones
and marl-limestones of Cretaceous; this set is covered by
Quaternary consisted of a low proportion of red clay, peb-
bles, gravels, and coarse sand; these alluvia are of calcareous,
predominant, and sandy nature. Triassic blunting is visible
in Djebel Aidel and Djebel El-Krouma in the Khenchela area
[1]. The ancient formations start at the top with Miocene
sandstones which rest in discordance on the Cretaceous
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formations; this is an alternation of sandstones bank and grey
clay having a thickness of 400 m that dips in depth, but it is
of limited extension. Cretaceous is represented by dick series
of grey marl, which are homogeneous enough and finely
jointed and fractured in places. The stratification is under-
lined by marl-limestone fine banks of a very light color. A
large calcareous dolomitic strip, attributed to Santonian
develops. Turonian presents itself as an alternation of thick
grey marls, encompassing calcareous banks having a thick-
ness of 500-600 m. Basal Turonian is consisted of marls hav-
ing a thickness of 300-400 m. Lower Cretaceous, represented
by Albo-Aptian, is a succession of marls and limestone hav-
ing a thickness of 600 m.

The geological profile of the crossed terrains (Fig. 2), fol-
lowing an NW-SE path, indicates a succession of terrains of
different natures, dipping about 45° downstream. The lime-
stone outcrops and Miocene sandstone are the most visible
and dominant, topped by a sediment cover of Quaternary.

Hydrologically, the area has two types of aquifer:
multi-layer aquifers of sedimentary basin consisted of
Plio-Quaternary aquifers, and aquifers of carbonate fissured
formations of Cretaceous.

2.2. Sampling and analysis

In order to study the quality of groundwater of the
Tagharist Wadi basin, the origin of salinity and its spatial
evolution, we have conducted a study of water chemistry.

A complete analysis of chemical major elements and a
couple of trace elements have been carried out on 34 sam-
ples of water collected in June 2016. Electrical conductivity,
water temperature, and pH have been measured in the field
by means of multi-parameter of type « CONSORT C931 »,
Chemical elements have been analyzed at the laboratory of
environmental analyses and chemical trials on materials, cat-
ions by flame atomic absorption, anions, and trace elements
have been dosed by titrimetry and spectrophotometry
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Fig. 1. Geological map of the study area (according to geological map of Touffana).
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HACH-(DR2000)in LACILAP Laboratory (AinMlila, Algeria,
May 2016). The results processing has been carried out using
the software diagrams of the University of Avignon (France).

3. Results and discussion
3.1. Chemical facies

Chemical analyses (Table 1) show that groundwater is
low to moderately mineralized, with electrical conductivity
values oscillating between 400 and 2,174 uS/cm, except for
borehole 4 which displays a value of 3,948 uS/cm. The rep-
resentation of major elements concentrations on Piper dia-
gram [2] (Fig. 3) shows that this groundwater is generally

NNO «
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Quaternary (sand-gravel alluvia and clay colluvia)

clays)

- Campanian (compact and fractured grey to black marls)

characterized by a chemical facies where bicarbonates, sul-
fates, calcium, and sodium are dominant. In detail, this water
is distributed between the following poles:

® bicarbonate-calcium facies (94% of wells) originates from
carbonate formations going along the water table
e Dbicarbonate-sodium facies (6% of wells)

The observation of the piezometric map morphology [1]
allows seeing that the groundwater flow occurs generally fol-
lowing a south-west direction toward the north-east (Fig. 4).

The drainage axis of groundwater coincides sensitively
with the course of the Boulefrais Wadi, which drains surface
water.
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Fig. 2. The geological profile of the crossed terrains (ANB March 2006).
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Fig. 3. Piper diagram for all water of the Tagharist Wadi basin.
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Fig. 4. Piezometric map according to Houha et al. [1].

3.2. Mineralization origin

To better understand the mineralization process of
groundwater, we have represented major elements in function
of chlorides (Fig. 5); this latter is a conserved element, not
involved in water—rock interaction; characterizes the salinity
origin of waters and constitutes a mixing tracer [3].

Graph CI"vs. Na'shows that all the points lie below
the mixing line, given that Na* content should balance CI;
Na* deficit is explained by the phenomenon of ionic base
exchange between water and the aquifer, and is reflected by
Na*adsorption and Ca*release [4,5].

The relationship between Ca* and CI- illustrates this
by showing that the points are often above the mixing line
freshwater—saltwater.

The relationship between Mg* and Cl shows a slight
enrichment in Mg* with respect to the mixing line; this
enrichment may be due to dolomite dissolution.

The relationship between SO and CI shows that
the quasi-totality of the points lie bellow the mixing line
freshwater—saltwater; this enrichment may be explained by
evaporitic rock dissolution in aquifers, associated with con-
tamination originating from agriculture [6,7]. In this area,
the infiltration of irrigation water and rainwater loaded with
soils and fertilizers is facilitated by the shallow depth of the
water table and the good permeability of the soil.

The relationship between K" and CI” points out that the
majority of the points lie below the mixing line, except for
some points that get near the line, showing that the most
likely origin of K*is pollution under the effect of NPK fertil-
izers and/or red clay, very abundant in the area.

3.3. Saturation index

Saturation index (SI) expresses the chemical balance
degree between water and the mineral in the aquifer matrix,
considered as a measure of dissolution and/or precipitation
process concerning water—rock interaction [8]. The use of
PHREEQC [9] has allowed us to calculate SI of anhydrite,
aragonite, calcite, dolomite, gypsum, and halite. Generally
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——940
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water—-rock balance is reached when SI = 0, if SI > 0, water
is supersaturated, precipitation of minerals is necessary to
reach the balance. Conversely, if SI < 0, water is under sat-
urated, the dissolution of minerals is necessary to reach the
balance [10], so these minerals control the chemistry of this
water. On the whole, groundwater of the study area is under-
saturated with respect to gypsum, halite, and anhydrite; this
suggests a probable dissolution of these minerals. In contrast,
carbonate-calcium formations (calcite and aragonite) tend to
be balanced (Fig. 6).

3.4. Identification of chemical elements origin

Groundwaters chemical process of the Tagharist Wadi
basin has been studied by means of some binary diagrams
of the main major elements. The first diagram has been con-
cerned about variation of carbonate elements (Ca?" + Mg* vs.
HCO, and Ca* vs. HCO;"). These diagrams show that the
points representing the different chemical analyses of sam-
pled water are located near the line of calcite and near that
of dolomite (Fig. 7); this suggests that these elements have a
carbonate origin [11]. A second group of diagrams has been
established by means of evaporitic elements (Ca*, SO,*, Na*,
and CI"). Diagram Ca* vs. SO,* shows that the points area
aligned around the slope line “1”’, influenced by gypsum
and/or anhydrite dissolution. Diagram Na* vs. Cl- shows that
the points lie on the slope line “1”, indicating that halite dis-
solution (Na—Cl) was the origin of these elements.

3.4.1. Nitrate

Fig. 8 shows an abundance of nitrates in several water
samples, which makes water unsuitable for human con-
sumption. Indeed, 11% of the analyzed samples showed
higher values than the standards permitted by the WHO
(50 mg/L) with a maximum of 66.31 mg/L. On the other
hand, nitrites content remains below the admissible lim-
its. The nitrate content increases from upstream to down-
stream and in the same direction of groundwater flow. This
increase is mainly due to the accumulation of solute toward
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Fig. 8. Distribution of NO,” and NO," concentrations.

the aquifer outlet. The high nitrate levels are preferentially
observed in the zones at shallow water depth (<10 m) and
within organic matter and nitrate-rich soils, which confirms
the agricultural origin of pollution. Intensive agriculture
causes leaching of nitrogen released from fertilizers and a
rapid mineralization of organic soil horizons [12]. Nitrates
are highly soluble in water and are transported by runoff
or irrigation water, gradually penetrating into groundwater
serving to supply drinking water.

3.5. Statistical multivariate analyses

The principal components analysis (PCA) was applied to
discriminate the factors which mostly influence the variabil-
ity and the hydrochemical classes [13,14] and then to orga-
nize them according to their order of importance.

3.6. Geochemical analyses

A statistical study by PCA has been carried out on a
table of 12 variables and 34 observations. The principle of
this processing has been described with more detail in the
past [15,16]. The obtained results have been reported in
Table 2; these analyses have allowed to draw two major fac-
tors having an expressed variances sum of 80.11% (Table 2).
The analysis on factorial design F1-F2 (Figs. 9 and 10) has
highlighted the general trends. In fact, factor F1 has an
expressed variance of 65.08%, the most important is deter-
mined by total dissolved solids (TDS), EC, Ca*, Mg*, Na*,
K*, HCO,, So,*, and CI". Consequently, factor F1 expresses
the phenomenon of mineralization; factor F2 represents
15.03% of variance, and is characterized by NO,” and NO,,
so factor F2 expresses an organic pollution resulting from
anthropogenic activity [17-22].

The space of individuals exactly reflects the localization
of well 4 at the positive extremity of axis F1 that reveals a
strong mineralization of its waters. On axis F2, which is a pol-
lution axis, wells 10, 18, and 34 exhibit a high nitrate value of
the order 50.51, 51.27, and 40.08 mg/L, that are opposed to
well 20, that exhibits a low value of it 27.95mg/L.
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Table 2
Eigenvalues and percentage expressed by the main axes
F1 F2
Eigenvalues 7.81 1.80
Variability (%) 65.08 15.03
Cumulative (%) 65.08 80.11
Variables (axes F1 et F2 : 80.11 %)
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Fig. 9. Variables projection in the factorial space F1-F2.
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4. Conclusion

Hydrochemical data of well waters collected from the
Tagharist Wadi basin have been used to determine the chem-
ical process causing this mineralization. The hydrochemical
study has shown that water is low to moderately
mineralized. Piper diagram shows two chemical facies:
bicarbonate-calcium facies (94%) and bicarbonate-sodium
facies (6%).

The use of minor and major elements has allowed for the
understanding of the water mineralization process. Thus, this
mineralization would derive from dissolution—precipitation
of the aquifer rock, evaporites, base exchange, and anthropo-
genic activity.

Eventually, in order to preserve the water resources from
degradation, we recommend to the farmers of this region to
adopt best management practices: better control of irrigation
through water-saving techniques, better reasoning of min-
eral fertilization, as well as the frequent addition of organic
amendments to the soils.
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