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With the aid of the Geographic Information System (GIS), the present study aims to describe 

the relationship between groundwater flow systems and the distribution of chemical facies. 

The research also discusses the different geochemical processes which are responsible for the 

evolution of groundwater chemistry. Analytical studies of 25 groundwater samples indicate 

mean cation values such as Ca2+ (209.1 mg∙l1-), Mg2+ (116 mg∙l1-), Na+ (239 mg∙l1-) and K+ 

(2.8 mg∙l1-). The mean anion values are SO4
2- (3.7 mg∙l1-), Cl– (22.5 mg∙l1-), and NO3

- (2.2 

mg∙l1-). The GIS using topo to raster and multivariate statistical techniques were applied to the 

groundwater quality analyses obtained in order to define the major control factors that affect 

the plain hydrochemistry of Hodna. The statistical analysis reveals the presence of three 

groups, presenting an increased potential of salt content in the groundwater flow direction. 

Initially, in the aquifer boundaries and in the infiltration areas, the facies result as bicarbonate. 

In the southern part of the plain, groundwater becomes SO4-Cl rich, because of the dissolution 

of salt formations and the presence of the Hodna salt water lake. The Cluster Analysis has 

described the effects of rock water activity and overexploitation of water intended for irrigation 

as being responsible for altering groundwater chemistry in the area. Rock-water interaction 

diagrams show chemical weathering caused by precipitation, along with dissolution of 

minerals forming soil. The scattered plots among ions revealed geochemical processes such as 

carbonate weathering, silicate weathering, cation exchange and reduction of sulphate. 
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1. INTRODUCTION

Groundwater is a vitally valuable resource worldwide. It has 

been estimated that about one third of the world's population 

uses freshwater to drink [1]. In the Algerian arid zone, the 

Hodna area is marked by a wide-open depression of 8500 km2 

surrounded by mountains, where the salt water lake "Chott El 

Hodna" (‘salt water lake’ in the local language) 1100 km2 wide 

is located in the center. This morphology allowed the presence 

of a low endorheic hydrographic network that supplies surface 

water to the salt water lake, particularly during heavy random 

thunderstorms. The Chott is experiencing an excessive 

evaporation of both groundwater and surface water. Two 

aquifers, shallow and deeper, exist in this region, where 

irrigated agriculture has been established over the last 50 years 

[2]. Owing to excessive withdrawals, the water level in the 

shallow aquifer decreases sharply [3], inducing a significantly 

high salt concentration. On the other hand, the deeper aquifer 

with low salt concentration constitutes the main source of 

water in the plain [4]. 

Because of the broad extension of its hydrogeological 

watershed, its recharge would appear to be simple. The flow 

mechanism dynamics shows a local or regional impact on the 

natural spatial variability of groundwater chemistry [5]. This 

variation is caused by the absorption of ions in soils, sediments, 

and rocks, since the water flows within the pores and fractures 

of the unsaturated zone and the aquifer along mineral surfaces 

[6]. Nevertheless, due to over-exploitation by unregulated 

pumping, the piezometric level is gradually lowering [7]. This 

excessive drainage results in a gradual deterioration of the 

water quality in the irrigated region with the emergence of 

high salinity zones (EC > 3500 μS∙cm1-) and high nitrate 

contamination [8]. 

The groundwater flow mechanisms can be mapped and 

correlated to varying degrees with hydrochemical patterns [9]. 

[9] also pointed out that mapping groundwater flow systems

will help to distinguish drinking water from non-drinking

water. The large ions, that make up the bulk of the

groundwater chemistry, operate as natural tracers, which are

critical in delineating groundwater flow paths [10, 11].
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Several statistical techniques have been applied to study, 

assess and characterize the chemical changes in groundwater 

such as Factor analysis (FA) and cluster analysis (CA) [4]. 

Utilized FA to study the geochemical evolution, 

mineralization and groundwater contamination. Additionally, 

the CA method was used to interpret the hydrochemical data 

based on factor scores, and to study the chemical evolution of 

water along groundwater flow [10]. The cluster analysis (CA), 

a statistical method for evaluating, determining and classifying 

chemical variations in groundwater, was utilized for hydro 

chemical data based on factor scores analyzing [12], and for 

the chemical evolution of water investigating along 

groundwater flow [13, 14].  

The present study aims to describe the relationship between 

groundwater flow systems and chemical facies distribution, by 

using the Geographic Information System (GIS). The research 

would also describe the various geochemical processes that are 

responsible for the chemical production of groundwater 

chemistry. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Study area 

 

The area under investigation is located in the southeast of 

Algeria, between Mountains of Hodna (1863 m a.m.s.l.) in the 

north and Hodna Chott (450 m a.m.s.l.) in the south (Figure 1). 

The topography is an almost flat plain with a slope of no more 

than 2% and the highest altitude is 455 m a.m.s.l. The area is 

characterized by 215 mm, 19°C and 1700 mm of annual 

rainfall, temperature, and evapotranspiration. Temperatures 

rise as high as 50°C in summer [4]. This region is also 

characterized by rainfall with intense spatio-temporal 

variability [15]. The dryness condition has accentuated the 

water resource drawdown over the last decade, particularly 

because water regeneration has been very weak [4]. Dry 

atmosphere, atmospheric dust, and low precipitation rates 

affect the groundwater quality, usually causing a rise in salt 

content [4]. The region of research hosts over 150,000 people, 

spread throughout the plain. Agriculture, which remains the 

main occupation, especially for the production of vegetables 

and cereals like barley and corn, is being built according to the 

available water supplies, i.e. in the sandy area south of Chott 

El Hodna. According to Abdesselam et al. [16], the arable land 

area is 50,000 ha, 50% of which is irrigated. Conventional 

farming needs the use of fertilizers such as ammonium nitrate, 

urea, phosphorous and potassium, superphosphate, potassium 

chloride and, to a lesser degree, ammonium sulfate, sodium 

nitrate, calcium and potassium sulfate [4]. The lack of a 

treatment plant for wastewater causes the release of liquid 

waste in nature, flowing by easy absorption into the 

groundwater. The leaching of fertilizers utilized unnecessarily 

and without any monitoring harms the quality of the 

groundwater in the field of research. 

 

2.2 Geological and hydrogeological setting 

 

The geological map of the research area [17] shows the 

following main units: (1) Jurassic carbonate, (2) Cretaceous 

carbonate, (3) Mio-Pliocene clay and gypsum sand, and (4) 

Quaternary alluvial deposits (Figure 1). Jurassic and 

Cretaceous carbonate rocks, often with dense marl layers, are 

dolomitic limestone and sandstone about 550 m thick. The 

Mio-Plio-Quaternary Unit is characterized by heterogeneous 

continental detritus deposits, corresponding to red clay, 

sometimes lacustrine calcareous gypsum, conglomerates and 

alluvium. The thickness of this formation ranges from 300 to 

500 m [2, 4]. 

 

 
 

Figure 1. Situation of wells being sampled in the study area 
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Deep groundwater water table primarily exists below the 

surface at 10 m in the South and at 100 m in the north. Mio-

Pliocene clays and marls, locally covered with gypsum, form 

the substratum of the shallow groundwater bearing complex. 

Pumping tests at different wells showed that the transmissivity 

varies from 10–5 m2∙s–1 in the South to 10–2 m2∙s–1 in the North 

[4]. The aquifer is recharged by meteoric water absorption in 

the basin and by surface water flowing from the North ridges 

surrounding the plain. This area is under heavy strain, both 

natural and anthropogenic, such as climate aridity, water 

resource overexploitation, and agricultural activities [8]. For 

several decades, major changes in land use and water resource 

use have been caused by successive agricultural policies in 

Algeria, the agricultural revolution, access to private land and 

the national agricultural development program [4, 16]. 

Piezometric examinations conducted during the dry season of 

2012 showed a high piezometric level in the North, which 

dropped frequently towards the South, demonstrating the 

importance of hills for groundwater recharge. The main paths 

of groundwater flow converge to the middle of the plain 

(Figure 1). This groundwater settings indicates a recharge 

coming from the cretaceous calcareous in the North, while in 

the South by salt water lake, eventually a spill in the center is 

triggered by wells. This situation created an imbalance in the 

hydrogeological system, leading to a reversal flow, as seen in 

other parts of the world. 

 

2.3 Sampling and analysis 

 

In September 2012, 25 samples were taken to study the 

evolution of the physical-chemical parameters. Samples were 

obtained for stabilization of water temperature after a pumping 

period of 15 minutes, by means of two acid-washed 

polypropylene bottles. Each sample was immediately filtered 

in situ through 0.45 μm filters of acetate cellulose. Filtrate 

aliquots for cations analyses were transferred into 100 cm3 

polyethylene bottles and immediately acidified to pH<2 by the 

addition of Merck™ ultrapure nitric acid (5 ml 6 N HNO3). 

Samples for study of anions were collected without 

acidification into 250 cm3 polyethylene bottles. Both samples 

were placed in an ice chest at a temperature <4°C and 

eventually moved to the Constantine National Water 

Resources Agency Laboratory for study. Immediately after 

sampling, pH, Temperature (Tw), electrical conductivity (EC) 

parameters were measured in the field by utilizing a multi-

parameter WTW (P3 MultiLine pH/LF-SET). The following 

chemical elements have been analyzed: calcium (Ca2+), 

magnesium (Mg2+), sodium (Na+), potassium (K+), chloride 

(Cl–), bicarbonate (HCO3
–), sulfate (SO4

2–), and nitrate (NO3
–). 

The samples were analyzed using American Public Health 

Association methods (APHA) [18]. By measuring the ion 

balance, the precision of the chemical analysis was checked; 

the errors were usually within 5% (Table 1). 

The locations and altitudes of the boreholes were calculated 

using the Global Positioning System (GPS), to obtain the 

hydraulic head values the static water levels were subtracted 

from the altitudes. To define the different chemical facies 

characterizing each sample and the hydraulic head distribution, 

the results of the chemical analysis and hydraulic head values 

were implemented into the GW_Chart software [19]. A code 

was given to each of the chemical facies obtained from the 

GW_Chart program and then entered into the ESRI ArcGIS 

geo-data base to generate the water types spatial distribution 

map by interpolating data through Topo To Raster algorithm 

[20]. 

 

2.4 Multivariate statistical  

 

Factor Analysis (FA) is often utilized in chemical data 

processing. Although FA is an exploratory and concise tool, it 

is also useful for classifying the key factors controlling 

groundwater chemistry [20]. The multivariate statistical 

method has been widely used to determine the environmental 

anomalies [21] and it has been successfully applied for 

hydrogeochemical processes studying [22] and for estimating 

the degree of mutually shared variability among individual 

pairs of water quality variables [23].  

Joshi et al. [24] suggested using only variables above one's 

own interest. Under this criterion, only factors with their own 

values equal to or greater than 1 will be recognized as potential 

sources of data variation, attributing the highest priority to the 

factor with the highest individual vector amount. The 

justification for choosing the threshold 1 is that a factor must 

have a variance as high as that of a single standardized original 

variable in order to be acceptable [25]. Cluster Analysis (CA) 

is yet another method of data reduction, used in the grouping 

of entities with identical properties. The benefit of using CA's 

hierarchical approach is that it needs no prior knowledge of the 

cluster number [26]. CA contains a collection of multivariate 

approaches that are utilized for true data groups identifying [25, 

26].  

In the present study, CA was applied by using the Euclidian 

distance as a measure between the samples, and Ward's 

method as a linkage rule for the Hodna area classification of 

hydrogeochemical data. 

 

2.5 GIS modeling 

        

The ion concentrations form the base of geo-data to be 

interpolated by Topo To Raster for spatial distribution maps 

producting [20]. The ESRI ArcGIS Space Analyst 

incorporates a wide variety of cell-based GIS functions and 

among the three main types of GIS data, the raster data 

structure offers the most comfortable simulation framework 

and is used for spatial analysis [27]. The hydrochemical data 

considered for the modeling were TDS, Ca2+, Mg2+, Na+, K+, 

Cl–, HCO3
–, SO4

2– and NO3
–. 

Topo To Raster tool was also utilized to produce the spatial 

distribution map of the various water facies. Topo to Raster is 

an interpolation method specifically designed for the creation 

of hydrologically correct digital elevation models (DEMs) [20, 

28, 29]. It consists of a deterministic interpolation similar to 

the discretized spline, allowing to reproduce particular 

discontinuities in the modeled surface for that reason, Topo To 

Raster has been utilized for chemical data interpolating, since 

they are related to groundwater flow. The interpolation 

procedure has been designed to take advantage of the types of 

input data commonly available and the known characteristics 

of elevation surfaces. This method uses an iterative finite 

difference interpolation technique. Topo To Raster does not 

calculate the estimate errors in the unsampled space as the 

other deterministic interpolators, however, on the contrary of 

other methods such as the Inverse Distance Weighted function, 

it yields results that tend to represent the local variation of the 

known sampled values. 
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3. RESULTS AND DISCUSSION  

 

3.1 Hydrogeochemical parameters of groundwater 

 

Statistically the effects of groundwater quality data were 

presented in the form of minimum, average, mean, standard 

deviation and skewness (Table 1). pH of the water samples 

ranges from 7.01 to 8.23, with an average of 7.5, typical values 

of shallow aquifers in arid areas [24]. It is known that the 

processes of calcite and dolomite buffering are dominant for 

pH values ranging from 6.5 to 7.5 [30]. In addition, 

lithological formations include calcareous in an area where 

multiple redox reactions can occur, which causes carbonate 

dissolution. The groundwater is usually a little alkaline, but the 

consistency lies within the limiting value of the level of 

drinking water. The general increase of pH in a sedimentary 

terrain is related to plagioclase feldspar weathering in 

sediments. This phenomenon is aided by dissolved ambient 

carbon dioxide, resulting in sodium and calcium release, 

which slowly increases groundwater pH and alkalinity. 61% 

of pH measurements are contained in this range for the 25 

groundwater samples studied.  
 

Table 1. Statistical summary of hydrochemical parameters of groundwater. All values are in mg∙l1-, except pH, EC in μS/cm 
 

Wells pH EC TDS Ca2+ Mg2+ Na+ K+ Cl- SO4
2- HCO3

- NO3
- 

F01 7.71 1653 1340 269 99 50 5 401 277 544 26 

F02 7.62 2150 1650 99 68 46 2 750 286 345 10 

F03 7.25 2350 1860 222 124 191 1 228 849 233 22 

F04 7.15 2140 1650 247 86 106 2 220 658 349 28 

F05 7.01 3280 2230 452 228 554 2 309 1207 288 10 

F06 7.45 1210 930 421 111 115 8 205 360 665 9 

F07 7.36 3005 2330 100 81 554 1 516 920 294 4 

F08 7.46 2300 1770 186 101 215 3 108 1032 254 6 

F09 7.59 2653 2130 184 110 340 3 678 533 210 20 

F10 7.62 2900 2560 177 139 400 3 835 743 260 1 

F11 8.22 2200 1880 128 117 348 1 344 930 342 1 

F12 7.12 2380 1940 200 168 325 6 476 1025 228 15 

F13 7.85 1025 810 220 82 59 2 234 350 666 33 

F14 7.48 3210 2620 149 146 420 5 845 733 251 1 

F15 7.46 1554 1230 307 133 90 1 163 248 668 2 

F16 8.23 3300 2470 119 138 318 1 344 918 346 5 

F17 7.4 2827 2040 100 105 82 1 102 345 325 1 

F18 7.42 3088 2670 99 107 507 2 518 925 288 4 

F19 7.10 1622 1145 233 75 65 3 196 265 661 29 

F20 7.54 1745 1233 245 86 74 5 369 956 366 2 

F21 8.01 3105 2815 102 156 276 2 651 521 204 11 

F21 7.23 1123 876 356 91 81 2 168 253 736 3 

F23 7.36 1087 821 389 88 56 1 124 1120 271 1 

F24 7.24 3256 2781 125 123 391 4 539 1005 241 2 

F25 7.74 3048 2801 98 138 312 3 625 501 219 22 

Min 7.01 1025 810 98 68 46 1 102 248 204 1 

Mean 7.50 2328.4 1863.3 209.1 116.0 239.0 2.8 397.9 678.4 370.2 10.7 

Max 8.23 3300 2815 452 228 554 8 845 1207 736 33 

SD 0.32 770.6 673.7 106.9 35.4 170.6 1.8 232.6 318.2 172.9 10.5 

Skew 0.8 -0.3 -0.1 0.9 1.3 0.4 1,3 0.5 0.0 1.1 0.9 

AHG 6.5-9 2800 1500 200 / 200 12 500 400 / 50 
Min: minimum value; Mean: average value; Max: maximum value; SD: standard deviation; Skew: skewness; AHG: Algerian health guidelines 

 

 
      

Figure 2. Spatial distribution of EC concentrations in the study area 
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Figure 3. Spatial distribution of TDS concentrations 
 

 
 

Figure 4. Spatial distribution of Ca2+ concentrations in the study area 
 

 
 

Figure 5. Spatial distribution of Mg2+ concentrations in the study area 
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EC and TDS range from 1025 μS∙cm-1 to 3300 μS∙cm-1 and 

810 mg∙l-1 to 2815 mg∙l-1, with mean values of 2328 μS∙cm-1 

and 1863 mg∙l-1, respectively (Table 1, Figures 2 and 3). Ca2+ 

ranges also from 98 mg∙l-1 to 452 mg∙l-1, with a mean value of 

209.1 ± 106.9 mg∙l-1 (Table 1, Figure 4). Mg2+ varies from 68 

mg∙l-1 to 228 mg∙l-1, with the mean value of 116 ± 35.4 mg∙l-1 

(Table 1, Figure 5). Na+ varies from a minimum of 46 mg∙l-1 

to a maximum of 554 mg∙l-1, with a mean value of 239 ± 170.6 

mg∙l-1 (Table 1, Figure 6). K+ ranges from 1 mg∙l-1 to 8 mg∙l-1, 

with a mean value of 2.8 ± 1.8 mg∙l-1 (Table 1, Figure 7). 

Alkalinity varies from 204 mg∙l-1 to 736 mg∙l-1, with a mean 

value of 370.2 ± 172.9 mg∙l-1 (Table 1, Figure 8). SO4
2- ranges 

from 248 mg∙l-1 to 1207 mg∙l-1, with a mean value of 678.4 ± 

318.2 mg∙l-1 (Table 1, Figure 9). Cl– varies from 102 mg∙l-1 to 

845 mg∙l-1, with a mean value of 397.9 ± 232.6 mg∙l-1. NO3
– 

varies from 1 to 33 mg∙l-1, with the mean value of 10.7 ± 10.2 

mg∙l-1. Higher mean values of Na+, Cl–, and SO4
2- indicate a 

likely contamination by high salinity waters of the lake and a 

dissolution of evaporate minerals.  

The abundance of the major anions is SO4
2–>Cl–>HCO3

–, 

68% of samples exceeded the maximum acceptable concen-

tration of SO4
2– for drinking water (400 mg∙l-1), and 36% of 

samples overcame the maximum acceptable concentration of 

Cl– for drinking water (500 mg∙l-1). The abundance of the 

major cations is Na+>Ca2+>Mg2+>K+ and 52% of samples 

exceeded the maximum acceptable concentration of Na+ for 

drinking water (200 mg∙l-1), whilst 44% of samples showed 

values of Ca2+ higher than the maximum acceptable con-

centration for drinking water (200 mg∙l-1) [31]. 

 

3.2 Groundwater flow process and chemical facies 

distribution 

 

Salinity, represented by the EC (Figure 1), increases from 

the center of the plain to the salt water lake. This is the result 

of the inversion of the flow from the salt water lake towards 

the plain, due to the drawdown induced by pumping. For water 

samples along the northern piedmont, low values (EC<1700 

μS∙cm1-) were reported and constitute 28% of cases (Group 1, 

G1). As shown by the piezometric map they correspond to the 

recharge region. 

 

 
 

Figure 6. Spatial distribution of Na+ concentrations in the study area 

 

 
Figure 7. Spatial distribution of K+ concentrations in the study area 

794



 

 
 

Figure 8. Spatial distribution of HCO3- concentrations in the study area 

 

 
 

Figure 9. Spatial distribution of SO4
2- concentrations in the study area 

 

The second group of samples (G2) shows salinity ranging 

from 1700 to 2900 μS∙cm1- and makes up 40% of cases. It 

characterizes those samples that are obtained from the center 

plain. The third group (G3) has a higher salinity values than 

this cap and represents 32% of instances, located close to the 

salt water lake. 
The key causes are the introduction of residual solids into 

the aquifer, and the water flow through low soluble mineral 

sediments. 
Samples of groundwater were plotted in a diagram (Cl–vs 

Ca2++Mg2+) [32] to display the different forms of water in the 

study region (Figure 10). This diagram shows that the 

chemical character in general falls within the following types 

of water: 

- Fresh groundwater with low salinity concentrations, located 

in the northern part of the study area;  

- Saline water with high salinity concentrations, located in the 

southern part.  

Situated in the nearby Hodna Lake, these salt water samples 

reflect the effect of salty water intrusion and related processes 

(halite and gypsum dissolution) and anthropogenic 

contamination at the well head. 

 

 
 

Figure 10. Cl versus Ca and Mg in mmol/l for groundwater 

samples 

 

The different water samples have been classified according 

to their chemical composition using the Piper diagram (Figure 
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11). The analysis showed that the water grade calcium-

bicarbonate (Ca2+-HCO3
–) characterized 24% of the samples, 

primarily located in the north of the region of study. The 

presence of fractured and karst carbonate formations on the 

northern boundary indicates a rainwater infiltration where they 

develop a calcite facies, which explains the existence of low 

salinity water (EC<1700 μS∙cm1-) on the northern part. SO4
2–-

Cl–-Na+ water type characterizes 32% of all the samples 

collected, and this condition is mainly detected along the salt 

water lake, in the southern part of the study area. This explains 

the presence of high salinity (EC>2900 μS∙cm1-) water in that 

portion of the study area. These facies are linked to sandy 

formations, such as marl and clays around the salt lake. The 

remaining water samples (40%) are intermediate types of 

water between those mentioned above, and are sulfate-

dominant types (SO4
2–-HCO3

–-Ca2+, SO4
2–-Ca2+-Mg2+, SO4

2–-

Ca2+, SO4
2–-Na+-Ca2+, and SO4

2–-Cl–). In this category the 

electrical conductivity ranges from 1700 to 2900 μS∙cm1-, 

pecurial of the mixed water. Therefore, the water type Ca2+ -

HCO3
– reflects the replenishment and regeneration from the 

recent meteoric water, while the water type SO4
2–-Cl–-Na+ 

suggests leaching of the salt deposit aquifer matrix (Figure 12). 

 

 
 

Figure 11. Diagram Piper applied to water samples of Hodna 

aquifer 

 

 
 

Figure 12. Schematic section along the groundwater flow 

path 

 

3.3 Statistical analysis 

 

3.3.1 Factor analysis  

The FA was conducted on 25 individuals and 9 variables 

(EC, Ca2+, Mg2+, Na+, K+, Cl–, SO4
2–, HCO3

–, and NO3
–). Table 

2 displays the individual values of the variables derived and 

the proportion of the overall survey variation described by the 

variables. The study yielded 10 variables, but only three 

variables have been preserved, accounting for 81% of the 

overall variance. The parameter’s weights for the three factors 

of the dataset are given in Table 2. EC, Na+, Cl– and SO4
2– 

marked factor 1, which explained 52% of the variance, it has 

a strong to moderate positive loading in EC, Na+, Cl– and SO4
2–, 

which are 0.77, 0.78, 0.63, and 0.70 respectively. High 

positive charges indicated a strong linear correlation between 

the parameters and the factor. Factor 1 may therefore be 

regarded as a cause for salinization. Simultaneous drought and 

overexploitation caused the groundwater level to deteriorate. 

Such variables suggest this is the aquifer's effect on various 

forms of soil. Groundwater aquifer, containing evaporite host 

rocks, can achieve large Cl– and SO4
2– concentrations. 

Factor 2 explains 22% of the total variance, it has a 

moderate negative loading in Mg2+, Ca2+ and HCO3
–, which 

are –0.68, –0.56 and –0.55 respectively. These variables indi-

cate the existence of an influence of the aquifer by the types of 

carbonate rock.  

 

Table 2. Variance explained and component matrixes 

 
 Factor 1 Factor 2 Factor 3 

EC 0.77 0.43 0.39 

Mg 0.32 -0.68 0.49 

Ca 0.06 -0.56 0.09 

Na 0.78 0.43 0.43 

K -0.32 -0.33 -0.48 

Cl 0.63 -0.38 0.04 

SO4 0.70 -0.62 -0.19 

HCO3 -0.05 -0.55 0.07 

NO3 -0.08 0.18 -0.68 

Eigenvalue 2.98 2.02 0.59 

Variance (%) 53 22 7 

Cumulative (%) 53 75 82 
 

Factor 3 explains 7% of the total variance of the dataset; it 

shows a significant characteristic with K, Cl-, and NO3
-. It has 

strong negative loadings on NO3
– (–0.68) and weak loading on 

K+ (–0.48). Factor 3 is concerned mainly with host evaporite 

rocks and chemical fertilizers. Huge quantities of fertilizers, 

such as urea and industrial compounds, have long been added. 

NH, the basic ingredient of fertilizers, is readily oxidized to 

NO3
– under oxidation conditions by the nitrification cycle [33]. 

 

3.3.2 Cluster analysis  

Clusters can be defined using two separate approaches, 

namely R or Q-modes [34]. R-mode is typically applied to 

water quality variables for their interactions highlighting, 

while Q-mode shows the relationships between the tested 

samples. In this study eight calculated hydrochemical 

variables (Ca2+, Mg2+, Na+, K+, Cl–, SO4
2–, HCO3

–, and NO3
–) 

were utilized. 

The Ca2+, Mg2+ and HCO3
– concentrations may be regarded 

as the variables representing the phase of dissolution of 

carbonates that occurs in the boundary areas during the aquifer 

recharge. On the other hand, the variables Cl– and SO4
2– may 

be defined as being indicative of other alternate salinization of 

the Hodna aquifer groundwater, as the variables representing 

the phase of the Hodna Lake salt water intrusion. Thus, Na+, 

K+ and NO3
– coming from the solute return flow from 

irrigation production may also be viewed as an applied method 

for salinization. Such factors can be contained in the phases of 

natural mineralization and anthropogeny. The non-

homogeneous existence of the aquifer culminated in numerous 

hydrogeochemical facies for groundwater such as Ca2+-HCO3
- 

in the northern fringe and SO4
2–-Cl–-Na+ in the southern plain. 

The G1 has a low salinity (EC<1700 μS∙cm1-), while G2 

shows high salinity (EC>2900 μS∙cm1-), and G3 both inter-

mediate and average salinity (1700<EC<2900μS/cm). These 
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groups of the samples are located in different areas. The G1 is 

located in the north, near the recharge zone, the G2 in the south, 

near the salt water lake and the G3, in the center of the plain 

(Figure 13). The G1 consists of wells 1, 2, 6, 13, 15, 19 and 22, 

it is defined by both Ca2+ and HCO3
–. It is situated at the 

geological outcrops to the North. G2 is located primarily in the 

South of the research region near the salt water lake. This 

category includes the 5, 7, 10, 14, 16, 17, 18, 21, 24 and 25 

wells. This is affected by the salivary deposits of the Triassic 

as well as by the salt water lake returns flow and is defined by 

SO4
2–-Cl–. G3 is a transitional time between the two severe 

classes, originating from the wells 3, 4, 8, 9, 11, 12, 20 and 23 

and distinguished by Na+, K+ and NO3
– from the agricultural 

activity. 

 

 
 

Figure 13. Dendrogram of cluster analysis of variables and 

the hydrochemical samples 

 

3.3 Water–rock interaction process 

 

The ions leached out and dissolved in reservoirs through 

weathering and water absorption in rocks and soils [35]. The 

geological forms, water-rock contact, and ion relative mobility 

are prime factors that affect groundwater geochemistry [36]. 

The use of distributed plots for TDS vs Na / (Na+Ca) and TDS 

vs. Cl / (Cl+HCO3) [37] can be used to evaluate mechanisms 

of rock-water interaction processes. The Gibbs ratios are 

calculated by the formulae 1 and 2 given below:  

 

Gibbs Ratio I (for Anion) = Cl–/(Cl– + HCO
3

–) (1) 

 

Gibbs Ratio II (for Cation) = Na+/(Na++Ca2+) (2) 

 

where, all ions concentrations are expressed in mmol/l.  

The different water samples have been classified according 

to their chemical composition using Gibbs diagram (Figure 

14). The predominant samples (64%) fall into mixing and few 

(20%) samples into fresh water. Gibbs ratio I values in the 

present study vary from 0.28 to 0.85, with an average value of 

0.61, while Gibbs ratio II values vary from 0.13 to 0.95, with 

an average value of 0.72. The first form of water is constantly 

modified due to both the effects of the water-rock relationship 

of the aquifer stone, which is made mostly of evaporite facies, 

and the impacts of human activities, and finally the return flow 

of irrigation. The effect is demonstrated by a large rise in 

concentrations of sodium, sulfate, and chloride in groundwater. 

The second form of water at northern boundary is affected by 

carbonate rock. 

Controls of groundwater's hydrochemical evolution 

primarily rely on recharging water chemistry, water aquifer 

matrix activity, or both, as well as groundwater residence 

period within the aquifer. Two basic mechanisms lead to the 

deposition of solutes in groundwater: dissolution by 

evaporation and dissolution of carbonate [38]. Evolving 

water's chemistry relies not only on the matrix's bulk 

chemistry, but also on the weathering rate [39]. Therefore, 

only comparatively low concentrations of carbonates and 

evaporates may have a substantial effect on water chemistry 

[26]. We utilized the ion connection diagrams of the major 

elements produced in molar concentrations for these 

hydrogeochemical processes clarifying. Variation of the 

evaporate components influenced the first diagram. The Na+ 

vs Cl– relation reveals that the majority of water samples 

contribute to a regression straight line with a 0.71 slope, 

significantly different from the slope 1 of the halite dissolution 

(Figure 15a). Therefore, Na+ and Cl– are largely derived from 

the dissolution of halite [40], since the geological environment 

is very rich in evaporite minerals. The second diagram Ca2+ + 

Mg2+ vs SO4
2– + HCO3

– can highlight the origin of Ca2+, Mg2+ 

and SO4
2–. Hence, it is evident that the chemistry of the water 

in the area is usually determined by the dissolution of calcite, 

dolomite and gypsum and by the interaction of ions, or the 

salinity is induced by the impact of the Hodna Lake (Figure 

15b). This is also verified in the third Ca2+ vs SO4
2– diagram 

(Figure 15c). The infiltration of the rain water through the 

carbonate formations in the northern part of study area allows 

the dissolution of limestones and dolomites of Cretaceous and 

Jurassic. During the groundwater flowing, the water allows the 

dissolution of gypsum and/or anhydrite in Mio-Plio-

Quaternary age. The last diagram Ca2++Mg2++HCO3
–

/Na++K++Cl–+SO4
2– vs TDS can demonstrate the global origin 

of salinity (Figure 15d). In fact, in this diagram two groups can 

be individualized by their salinity: samples with low salinity 

(TDS<1700 mg∙l1-) dominated by carbonates coming from the 

northern part, and those with high salinity (TDS>1700 mg∙l1-) 

dominated by salty minerals from the southern part. 

 

 
 

Figure 14. Gibbs diagrams for water samples of the Hodna 

aquifer 

797



 

 

 
 

Figure 15. Plot of (a) Na+ vs Cl–  

(b) Ca2++Mg2+ vs SO4
2–+HCO3

– (c) Ca2+ vs SO4
2–  

(d) TDS vs Ca2++Mg2++HCO3
–/Na++K++Cl–+SO4

2– 

 

3.4 Groundwater isotopes 

 

The use of stable isotopes is key to determining 

groundwater sources and evolution [41]. Isotopic 

methodologies are well known nowadays in groundwater 

network hydrological studies [42]. Stable oxygen and 

hydrogen isotopes in groundwater give the original isotopic 

composition of rainwater recharging in the hydrological cycle 

[41-43]. They can include details on rainfall, evaporated 

surface water, and sources of seawater within the coordinate 

framework of 18O which 2H, and can therefore help to classify 

the causes of salinity in groundwater [44]. Table 3 indicates 

the δ18O and δ2H values of the groundwater samples tested. 

Stable isotopes of water points sampled in this study present a 

wide range of variation between –9.4 and –5.2 in δ18O with a 

mean of –7.1 ± 1.3‰, and from –62.0 to –42.0 in δ2H with a 

mean of –52.5 ± 5.6‰. In Figure 16, measured values of δ18O 

and δ2H from the investigated groundwater samples are 

compared with the global meteoric water line (GMWL: δ2H = 

8 δ18O + 10), defined by Craig [45]: the groundwater samples 

are distributed around a straight line intersecting the GMWL, 

with a slope equal to δ2H = 2.2 δ18O –36.1 (Figure 7). The 

aquifer's isotopic composition in δ2H and δ18O shows two 

classes of water that are virtually identical. The first category 

contains water samples strongly associated with the GMWL, 

demonstrating no major evaporation isotopic changes and that 

the aquifer regeneration is very fast. This group comprises 

primarily of wells (1, 15, 13, 6, 11, 19 and 22) located to the 

North of the recharge zone and two wells (7 and 14) located to 

the South of the plain secondarily. The second category is near 

below the meteoric water level, suggesting that the 

evaporation of groundwater [46, 47] and the salt waters of the 

lake have affected it. This group comprises basically of the 

wells located in the discharge region to the South of the plain 

(Figure 16). 

 

 
 

Figure 16. δ2H versus δ18O relationship for groundwater in 

the Hodna area 

 

 

4. CONCLUSION  

 

A groundwater quality evaluation of the Hodna region 

based on 25 groundwater samples shows that water class 

Ca−HCO3 is present in the North of the study area, which 

characterizes low-mineralization waters, situated at higher 

elevations in recharge areas. Another essential form of water 

is the SO4
2–-Cl–-Na+ one, found primarily along the salt water 

lake in the South of the study region, characterizing high-

mineralization waters. FA and CA multivariate statistical were 

used in this study for understanding the spatial and temporal 

patterns and controlling factors of groundwater geochemistry 

in the regional aquifer of the Hodna Plain, Algeria. The major 

conclusions related to understanding the regional scale 

groundwater geochemistry are as follows: the cluster analysis 

method can be applied for investigating both spatial and 

temporal patterns of groundwater geochemistry. This is done 

by first classifying monitoring data of groundwater 

geochemistry into clusters and then examining spatial and 
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temporal variations of the clusters to understand controlling 

factors of groundwater geochemistry based on 

hydrogeochemical analysis. 

The first factor of FA was related to salinity parameters (EC, 

Na+, SO4
2– and HCO3

–), the second one to the carbonate 

content (Mg2+ and Ca2+), the third one is mostly associated 

with evaporite host rocks (Cl–) and chemical fertilizers content 

(K+ and NO3
–). Thus, FA provided a general understanding of 

the processes involved in groundwater chemical evolution. 

Samples were grouped into classes based on their similarities 

with CA. The G1 with low salinity (EC<1700μS/cm), G2 with 

high salinity (EC>2900μS/cm) and G3 with intermediate and 

average salinity (1700<EC< 2900μS/cm). It is just the G1 and 

G3 waters that can be used. On the other side, owing to the 

high salinity samples, the waters of G2 are not exploitable due 

to the flow inversion coming from the Hodna salt water lake 

to the middle of the plain, while this lake was initially the 

largest natural discharge region. The Multivariate statistics 

indicate that the three classified groups are statistically and 

geochemically reasonable. 

The aquifer's isotopic composition in δ2H and δ18O shows 

two classes of water that are virtually identical. The first group 

demonstrates no major isotopic modifications through 

evaporation, which implies that the recharge of the aquifer at 

the northern boundary is very fast. The second party suggests 

that groundwater in the discharge region has been affected by 

evaporation and by the salt water of the Hodna Lake. 
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