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ABSTRACT

The hydrochemical and multivariate statistical techniques such as the factor analysis (FA),
the principal component analysis (PCA), and the cluster analysis (CA) were used to deter-
mine the main factors and mechanisms controlling groundwater chemistry of Ain Djacer
Mio-Plio-Quaternary aquifer, Eastern Algeria. Twenty-one groundwater samples of this
aquifer were monitored, during March 2013, with the objective of identifying the geo-
chemical processes and their relation with groundwater quality as well as to get an
insight into the hydrochemical evaluation of groundwater. The Piper diagram showed
that water facies are of a Ca-HCOs-type near limestone limits and SO,—Na in the center
part of the plain. The FA and the PCA revealed two factors that explained 65.1% of the
total variance in water quality dataset. The first factor is salinization, which shows strong
associations between total dissolved solids (TDS), SO3~, CI', Ca**, Mg®*, and Na*. The
second factor is mostly associated with chemical fertilizers and represents the high posi-
tive load of NO; and K" and the high negative load of pH and HCO;. However, the
CA, based on major ion contents, defined three main groups, reflecting different hydro-
chemical processes. The first group has low salinity (TDS < 1,000 mg/1) and a Ca-HCO;
water type. Samples of this group are mostly located in recharge areas and suggest disso-
lution of carbonate rocks. The third group has high salinity (TDS > 2,000 mg/l) and a
SO,—Na water type. Samples from this group are mostly located in the center part of the
plain which constitutes the discharge area. The second group has intermediate salinity
(1,000 < TDS < 2,000 mg/1) and Ca-Na water type. These three groups present a salinity
increasing with groundwater flow direction. The chemical monitoring allowed relating the
presence of nitrates in the study area to agricultural activity. This study highlights that
reactions responsible for the hydrochemical evolution in this area are of three categories:
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(1) dissolution of evaporite minerals, (2) precipitation of carbonate minerals, and (3)

anthropogenic action.
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1. Introduction

Groundwater quality is influenced by several fac-
tors, such as the infiltrating water chemistry, the geo-
logical nature of reservoir rock, the decomposition of
organic matter, and anthropogenic factors [1]. The dis-
solution of evaporate and carbonate minerals from
rocks surrounding water is the dominant factor con-
trolling the chemical composition [2]. This dissolution
brings significant change in water chemical composi-
tion, while others, such as silicate minerals, dissolve
more slowly and therefore have less effect on this
composition [3]. The temperature also has an essential
role for groundwater to acquire a given chemistry
[4,5]. Besides, temperature plays as a catalyst in chem-
ical reactions and its increasing allows the acceleration
of dissolution of minerals present in the geologic envi-
ronment. Most studies [6-8] showed that groundwater
chemistry is mainly a function of the water—rock inter-
action processes. Understanding the hydrogeochem-
istry particularities of this aquifer represents a great
opportunity to further apply the multivariate statisti-
cal analysis which is a quantitative approach allowing
to classify groundwater samples, to study correlations
between chemical parameters, and to evaluate the sim-
ilarity between groundwater sampling sites. Multivari-
ate analysis, such as principal component analysis
(PCA), factor analysis (FA), and cluster analysis (CA),
aiming to interpret the governing processes through
data reduction and classification are recognized as
powerful tools to deal with the increasing number of
hydrochemical parameters. [9,11] used FA to discuss
the geochemical evolution and mineralization and
groundwater contamination. Additionally, the CA was
also used to interpret the hydrochemical data based
on factor scores [12-14]. Water samples are classified
into three groups. The first, group 1, has low salinity,
with increased water-rock interaction, waters in
groups 2 and 3 become more saline, changing compo-
sition along the direction of groundwater flow. This
technique was used to investigate water chemical evo-
lution along the groundwater flow [15-18]. Given the
relatively complex setting and geological history of
the study area, PCA, FA, and CA could help to distin-
guish the role of geological and hydrogeological con-
texts on the chemical evolution.

The wuse of thermodynamic equilibrium by
PHREEQC code allows calculating the saturation

indices of some carbonate and evaporates minerals
[19]. This expresses the degree of chemical equilibrium
between water and the solid matrix in the aquifer
and can be considered a parameter to measure disso-
lution and/or precipitation in water-rock interaction
investigation [20,21].

The study area contains more than 300,000 inhabi-
tants distributed across the plain of Ain Djacer. Agri-
culture is the main activity as well as market
gardening cereals (barley and corn). This farming
requires the use of fertilizers such as ammonium
nitrate, urea, phosphorus and potassium, superphos-
phate, potassium chloride and to a lesser extent,
ammonium sulfate, sodium nitrate, calcium, and
potassium sulfate [22]. Surface water resources are
very limited and then agricultural and industrial activ-
ities depend on groundwater. In Ain Djacer region,
the absence of wastewater treatment station induces
the discharge of polluted water in nature provoking
groundwater contamination. This contamination is
increased by leaching of fertilizer in excess uses in
agricultural activity.

In this study, the PCA, FA, and CA are applied
and used to categorize the spatial variation of ground-
water chemistry and to determine the origin of chemi-
cal elements existing in Ain Djacer groundwater.

2. Materials and methods
2.1. Geographical setting

Ain Djacer region is located in Eastern Algeria and
centered on latitude 3549°50”N and longitude 600~
16”E. The Ain Djacer catchment area is of 210 km, it
is a relatively flat terrain with an average altitude of
850 m above sea level and it is surrounded by hills
and mountains culminating up to 1,230 m. This mor-
phology permits the setup of a temporary endorheic
drainage system reflecting a semi-arid climate with an
annual rainfall of about 260 mm and an annual mean
temperature of 15.9°C [23]. The Cretaceous rocks dom-
inated by dolomitic limestone and sandstone consti-
tute the main geological formation in the study area
and its surrounding, sometimes with thick marl layers
(Fig. 1). Triassic formations are also present and con-
sist mainly of evaporatic rocks. These Triassic forma-
tions are made of a mixture of gypsum, halite, clay,
deformed dolomite, and sometimes conglomerates.
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Fig. 1. Map of naturals conditions of Ain Djacer area.
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The cover formation is of Mio-Plio-Quaternary age
corresponding to red clay, sometimes gypsum overled
by lacustrine limestones, conglomerates, and alluvium
[24]. The structural setting shows that the study
area is located in a syncline structure, filled with
Mio-Plio-Quaternary alluvial material. The Triassic
formations outcrop by a fracturation network of
SW-NE and NW-SE directions.

Previous hydrogeological studies in the area
[25-27] highlighted the existence of a shallow aquifer
located in the Mio-Plio-Quaternary alluvial formations
and resting on clay and gypsiferous marl. The
groundwater is recharged by discharge occurring
through fractured carbonate formations of the borders,
as well as by vertical infiltration of meteoric water
arriving into the basin by streams from the bordering
hills and mountains surrounding Ain Djacer depres-
sion. It is an unconfined aquifer which thickness var-
ies between 10m at the borders and 100 m in the
center of the plain. These alluvial deposits have an
average permeability of 107* m/s [28]. Since 1997 and
up to 2013, water table has remained at the same
level. Within the aquifer, groundwater flows in a
west—east direction in the west and east-west direc-
tion in the eastern part imposed by inclination of the
bedrock. These two flow directions converge toward
the center of the plain and then they together get
drained to the north. This groundwater situation sug-
gests a recharge from cretaceous limestone and a
discharge to the north.

2.2. Sample collection and analysis

Twenty-one groundwater water samples were col-
lected in the study area during March 2013 (Fig. 1).
These samples were taken from drinking water wells
after 15 min of pumping, time sufficient enough for
water temperature to stabilize and become representa-
tive of the temperature of the whole aquifer. These
samples were taken using two polypropylene clean
bottles washed with acid, and each sample was
immediately filtered in situ through 0.45 ym filters on
cellulose acetate. Filtrate for cation analyses was
poured into 100 cm® polyethylene bottles and immedi-
ately acidified to a pH < 2 by the addition of Merck™
ultrapure nitric acid (5 ml 6 NHNO3).

Samples for anion analysis were collected into
250 cm® polyethylene bottles and were not acidified.
All the samples were stored in an ice jacket at a tem-
perature of <4°C and later transferred to the laboratory
of the National Agency for Water Resources of
Constantine and stored in a refrigerator at a tempera-
ture below 4°C until they have been analyzed (within
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1 week). Temperatures (T,) and pH are measured
in situ using a multi-parameter WTW (P3 MultiLine
pH/LF-SET). Chemical elements that have been ana-
lyzed are calcium (Ca®*), magnesium (Mg”*), sodium
(Na™), potassium (K%), chloride (CI7), bicarbonate
(HCO3), sulfate (SO;), nitrate (NO3), and TDS. This
was achieved using standard methods as suggested
by the American Public Health Association [28]. The
ionic balance is generally around 5%.

2.3. Methods

Thermodynamic study was carried out using the
PHREEQC software to calculate the saturation indices
(SD and ionic speciation of related minerals. The cal-
culation of the SI was conducted according to Eq. (1):

IS = log (IAP/K) )

where IAP is the ion activity and K is the equilibrium
constant.

The SI of each mineral is used to evaluate the state
of saturation of water. This SI also controls the chem-
istry and equilibrium with the solid phase [21]. In gen-
eral, the water-rock equilibrium is reached when
SI=0. If it is above 0, water is supersaturated and
then precipitation of minerals is necessary to attain
equilibrium. However, if it is below 0, water is under-
saturated and so dissolution of minerals is necessary
to reach the equilibrium [29].

As mentioned, each of the twenty-one sampling
site is characterized by ten chemical and physical vari-
ables and therefore, 210 data to be synthesized, mak-
ing the regional hydrogeochemical study a
multivariate problem. The multivariate statistical anal-
ysis is a quantitative and independent approach of
groundwater classification allowing categorizing
groundwater samples and making correlations
between chemical parameters and groundwater sam-
ples [30]. Multivariate statistical techniques permit to
simplify and organize large datasets to provide mean-
ingful insight [31]. In this study, three multivariate
methods were applied using Excel 2010 (Microsoft
Office®) and Statistica version 6.1 (StatSoft Inc., 2004):
the CA, the principal components analysis (PCA), and
FA. The description of PCA, FA, and CA techniques
and the methodology used for their application are
detailed in [31]. Multivariate statistical analysis
requires that the observations are conformed to nor-
mal distribution, and data transforms, such as log-
transform [29], rank ordered [32], and normalization
[33], are carried out before applying the multivariate
statistical analysis. Indeed, before conducting PCA
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and FA, the Kaiser-Meyer-Olkin (KMO) [34] and Bar-
tlett’s sphericity [35] tests were performed on the
parameter correlation matrix to examine the validity
of PCA and FA. Therefore, these two techniques were
conducted for all samples physicochemical data, and
the results were 0.705 for the KMO and 891.9
(p <0.0001) for Bartlett’s sphericity, indicating that
PCA and FA may be useful in providing significant
reductions in dimensionality.

PCA and FA were also applied in the treatment of
these chemical data. Although PCA and FA are
exploratory and descriptive methods, this investiga-
tion aims to identify the main factors that control the
chemistry of the groundwater [36,37]. This multivari-
ate statistical method has been widely applied to
determine the phenomena of the environment around
the world [2,9,14,30,31,38] and in Algeria [9,39] and
was used successfully to study the hydrogeochemical
processes [36,37] and to account for the degree of
mutually shared variability between individual pairs
of water quality variables. This study is a very helpful
tool in promoting research and opening new frontiers
of knowledge [40]. Furthermore, Pearson’s correlation
analysis method is applied to describe the relationship
between two hydrogeochemical parameters at a signif-
icant level of p < 0.05.

CA is also another data reduction method used to
classify entities with similar properties. CA comprises
a series of multivariate methods which are used to
highlight true groups of data [9]. In clustering, the
objects are grouped such that similar objects fall into
the same class [38]. Besides, CA has the advantage of
not requesting any prior knowledge of the number of
clusters, which the nonhierarchical method does. A
review by [9] suggests Ward’s clustering procedure to
be the best, because it yields a larger proportion of
correct classified observations than any other method.
Hence, Ward'’s clustering procedure is applied in this
study.

3. Results and discussion
3.1. General hydrochemistry

The statistical characteristics of chemical analysis
(mg/1) are showed in Table 1. The average of pH is
about 7.5 = 0.25 indicating a low alkalinity of ground-
water. This value is in the normal range (6.5-8.0) for
freshwater ecosystems [41]. The average temperature
is about 18 + 1.1°C. Higher values of Ca**, Mg**, and
HCO;j are localized in eastern and the western parts
of the plain. The fractured and karstified limestone
formations are indeed the recharge boundaries from
where water acquires the concentration in Ca”* and
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HCOj and the low salinity (TDS < 1,000 mg/1) close
to the former boundaries. However, higher values in
TDS, Na*, K*, CI", and SOif are recorded in the center
of plain. This indicates that in the part of area, and
hydrochemical is highly influenced by the presence of
evaporate minerals. This in accordance with ground-
water flow allows the concentration in chemical ele-
ments and the presence of Mio-Pliocene-Quaternary
evaporite rocks as shown in previous studies [42]. In
this aquifer, nitrate (NO3) concentration varies from 1
to 111 mg/1 with a mean value of 30.8 mg/1, which
suggests local pollution of water induced by agricul-
tural activity and domestic wastewater. The absence
of a WWTP generates the discharge of wastewater in
the nature and then increasing groundwater contami-
nation by simple infiltration. Leaching of fertilizer
used excessively and without any control in agricul-
tural harms the groundwater quality in the study
area.

In the plain boundaries, the order of abundance
of the major «cations in groundwater is
Ca®* >Mg®" >Na*>K" and the abundance of the
major anions is HCO; >Cl”>SO; . However, in
the center of plain, the order of abundance of the
major cations is Na®>Ca®* >Mg*" >K" and
ClI">S03™ > HCO; for the major anions. This is in
connection with water-rock interaction and ground-
water flow.

3.2. Statistical analysis
3.2.1. Correlation analysis

The correlation coefficient is commonly used to
measure and establish the relationship between two
variables. The Pearson correlation coefficient matrix of
ten variables of Ain Djacer area measured samples is
given in Table 2. The pH shows significant negative
correlation between bicarbonates (HCO3, Ca**, and
Mg®"). This deals with the calc-carbonic equilibrium
where pH influences the dissolution of carbonate
rocks. TDS values exhibit high positive correlation
with HCO;, SO3~, CI,, Ca*, Mg**, and Na’. This
indicates that these elements are the main component
of salinity [43]. Ca®*, Mg®*, and HCO; presented a
strong positive correlation indicating a common
source. CI, Na*, K7, SOZ*, and Ca®* possess a moder-
ate-to-strong positive correlation between each other.
This is attributed to the effect of leaching and dissolu-
tion of Triassic soluble salts [44]. This dissolution is
verified by the indices stability. Thus, the saturation
indices indicate an undersaturation state of groundwa-
ter with respect to halite, gypsum, and anhydrite and
a supersaturation state with respect to all groups of
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Table 1
Statistical summary of groundwater hydrochemical parameters

pH TDS Tw Ca** Mg** Na* K* Cr SO~ HCO; NO;
Min 7 450 16 90 41 86 1 214 156 140 1
Mean 7.5 1,574.3 18.0 167.8 95.5 265.0 8.0 456.8 388.1 339.7 30.8
Max 8 2,600 20 370 166 690 15 995 685 860 111
SD 0.25 483.5 1.1 73.4 35.8 171.9 3.3 238.4 1171 118.1 30.9
Table 2
Pearson’s coefficients correlation for physicochemical parameters

pH TDS Ca* Mg** Na* K* Cl- SO~ HCO; NO;
pH 1
TDS —0.008 1
Ca™ —0.668  0.687 1
Mg** -0.770 0.764 0.846 1
Na™ 0.354 0.921 0.387 0.462 1
K* 0.235 0.314 0.257 0.333 0.965 1
cr 0.350 0.742 0.453 0.420 0.799 0.822 1
SOif —0.021 0.888 0.655 0.414 0.754 0.651 0.654 1
HCO; —0.630 0.942 0.812 0.635 0.414 0.397 0.345 —0.041 1
NOy —0.160 —-0.335 —0.388 —0.234 —0.282 0.534 0.592 0.696 —-0.219 1

Note: The bold values indicate the correlated variables at the 0.05 level.

the main carbonate minerals: calcite, aragonite, and
dolomite (Table 3). The NO; shows a moderate
correlation with SOi*, CI', and K" indicating an effect
of the anthropogenic activities such as agricultural
activities.

3.2.2. FA/PCA

The analytical results of FA were performed for
the 21 samples and 10 variables (Table 4). The use of
FA to water quality assessment has increased, mainly
according to the need of obtaining appreciable data
reduction for analysis and decision [39]. [45] Pro-
posed to use only the factors with eigenvalues
exceeding one. Under this criterion, only those factors
with eigenvalues greater or equal to 1 will be
accepted as possible sources of variance in data, with
the highest priority ascribed to the factor that has the
highest eigenvector sum. The reason for choosing one
is that a factor must have a variance as large as that
of a single standardized original variable to be
acceptable [9]. Two factors which explain 75.1% of
the total variance are obtained based on the criteria
for factor selection (eigenvalues > 1.0). The parameter
weights for the two components from the FA of the
dataset are given in Table (4). The factor loading is

7

classified as “strong”, “moderate”, and “weak” corre-
sponding to absolute loading values of 0.75, 0.75-0.50,
and 0.5, respectively [46]. [47] reported that factor
scores can be related to the intensity of a particular
described process. Extreme negative values (close to
-1) indicate areas essentially unaffected by the pro-
cess, and the positive scores (close to+1) are the
areas the most affected.

Factor 1 explains the greatest amount of the vari-
ance (57%) and is characterized by highly positive
loadings in TDS, Ca*t, Mg2+, Na*, CI,, SOi_, and
HCOj5, which were 0.735, 0.732, 0.654, 0.853, 0.877,
0.742, and 0.934, respectively. The TDS association
with these elements is due to the different hydrochem-
ical processes that increase the water salinity. Due to
the association of Ca-Mg-HCO;, Ca-SO4, and Na-Cl,
factor 1 is defined as the “salinity” factor in reference
to CaCO; MgCa(COj),, CaSO,; and NaCl salts.
Similar observations have also been reported by [48].

Factor 2 explains 18.1% of the total variance of the
dataset and shows significant highly positive loadings
in K" and NOj, which predicts the association of this
factor with chemical fertilizers. Large amounts of
fertilizers, such as urea and commercial composites,
have been applied for long time in agriculture in the
study area which remains a cereal vocation. The great
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Table 3
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Statistical summary of thermodynamic speciation (saturation indices of some minerals and the partial pressure of CO,)

calculations using PHREEQC

Anhydrite Gypsum Halite Calcite Aragonite Dolomite Log (Pco2)
Min -1.44 -1.94 —6.09 —-0.02 —-0.07 -0.49 -2.17
Mean -1.03 -1.05 —4.59 0.14 0.12 0.42 -2.28
Max —-0.83 —-0.50 -2.8 0.74 0.59 1.45 -1.41
SD 0.2 0.13 0.27 0.20 0.19 0.22 0.14

plowing before the rain period permits the application
of chemical fertilizers used by plants during its devel-
opment. The autumn precipitations favorite the leach-
ing of some of these fertilizers which will be
transported to groundwater. The association of these
two parameters reflects the influence of fertilizers on
groundwater pollution and can thus be termed “the
agriculture contamination factor” [49].

3.2.3. Cluster analysis

There are two types of CA analysis: R and Q-
modes. The advantage of using the hierarchical
method of CA is due to the fact that it does not
request any prior knowledge of the number of cluster
[9]. In the present paper, CA was applied using the
Euclidian distance as a measure distance between
samples and Ward’s method as a linkage rule for the
classification of hydrogeochemical data of the Ain Dja-
cer area. The dendrogram of the nine physicochemical
parameters based on the CA can be divided into three
main clusters (Fig. 2). First cluster group shows nar-
row association between Ca®* and HCOj;. Second

Table 4

Variance and component matrixes

Variable Factor 1 Factor 2
pH —0.453 0.153
TDS 0.735 0.346
Ca®* 0.732 0.301
Mg?* 0.654 0.265
Na* 0.853 0.028
K* 0.180 0.652
Cr- 0.877 0.007
SO;~ 0.742 0.060
HCO; 0.934 0.180
NO; 0.260 0.650
Eigenvalue 3.89 1.40
Variance (%) 57.0 18.1
Cumulative (%) 57.0 75.1

Note: The bold values indicate the moderate-to-high loadings
factors (>0.65).

cluster group shows narrow association between Na*,
K*, and Ca®" indexes. These indexes have high values
in most of the sampling sites. The third group shows
the closest association between TDS, SO, Mg**, and
NO;. These findings corroborate with the results of
correlation analysis. The dendrogram of sampling sites
produced four major groupings (Fig. 3). Three main
groups can be verified in this figure. The first cluster
group (G1) shows close association between sites 1, 4,
8, 15, and 21, with low salinity (TDS = 714 mg/1) char-
acterized by Ca** and HCOj. It is located near the
eastern and western outcrops. The third cluster group
(G3) shows close association between sites 7, 9, and
16, with high salinity (TDS = 2,580 mg/1) characterized
by Na-Ca and Cl-SO,. This group is influenced by the
Triassic saliferous outcrops located to the North and
by groundwater flow. The second cluster group (G2)
shows close association between sites 2, 3, 5, 6, 10, 11,
12, 13, 14, 17, 18, 19, and 20, with intermediate salinity
(TDS = 1,370 mg/1) characterized by Na* and CI". This
logic of succession (G1-G2-G3) is in a good agreement
with the flow path that allows the concentration of
elements during its movement within the aquifer. This
succession can be reviewed with the F1-F2 diagram.
Fig. 4 shows the plot of the two factor scores (F1 vs.
F2) for datasets. The distribution of factor scores for
datasets suggests a continuous variation of chemical
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and physical properties of some samples for datasets
for G1 to G2 and to G3. This is in connection with the
water-rock interaction and groundwater flow showing
the groundwater chemistry acquiring process.

4. Conclusion

This paper is a contribution to the study of hydro-
chemical functioning of the Ain Djacer shallow aquifer
using multivariate statistical techniques including FA,
PCA, and CA. Interpretation of analytical data showed
that the abundance of major ions in the boundaries
tends as follows Ca**>Mg** >Na">K" and
HCO; > CI" >SO;". However, in the center of the
plain, the order of abundance of the major ion is
Na* > Ca®* > Mg®* > K" and CI" >SO; > HCO;. The
TDS values exhibit high positive correlation with
HCO;, SO;~, CI, Ca**, Mg?**, and Na*. This is in
agreement with the saturation indices which show sat-
uration in mineral carbonates and under-saturation in
evaporite minerals. The presence of NO; in ground-
water is related to agricultural activity. The FA and
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PCA identified two factors accounting for 75.1% of the
total variance in the dataset. Their loadings allowing
the interpretation of the hydrochemical processes that
take place in the area. Factor 1 is defined as the “salin-
ity” factor, whereas factor 2 is associated with chemi-
cal fertilizers. Three major water types are suggested
by the Q-mode CA analysis following salinity increase
simultaneously to flow direction. These techniques can
successfully be used to derive information from data-
set about the possible influences of environment on
groundwater quality and also to identify natural
groupings in these data.
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