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Abstract 

Since 1970, Ghannouch field, southeastern Tunisia, has been recognized as an industrial area specialized in mining phosphate 

processing industry. Furthermore, this region has also been characterized by an excessive groundwater pumping to meet 

extensive agricultural activities and increasing industrial installation. Degradation of groundwater quality and its contamination 

became a serious concern of the communities. This manuscript describes the findings of a study performed to investigate the 

characteristics of groundwater quality and identify the contribution of the different factors to its chemical pollution and 

degradation. Groundwater was sampled in different locations of the study area. Physical parameters such as EC, TDS, pH were 

measured and major ions where analyzed. Geochemical, kriging techniques and statistical modeling was used to assess 

groundwater mineralization. Results show that dominant chemical facies of groundwater is Na-Cl-Ca-SO4-F due to rock-water 

interaction, rejection of phosphate waste from the phosphate processing industry and the fluorine industry and irrigation water 

flow rich in chemical fertilizers. Computed saturation with respect to calcite and calcite for most water samples may result 

from the dissolution of CaCO3 and CaF2 after the water is saturated with respect to the carbonate and fluorite minerals. 

Regardless moderate to high fluoride concentrations was out of permissible values of World Health Organization (WHO) and 

Tunisian National Standard (NT09.14). 
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1. Introduction 
 

Natural and anthropogenic processes may contribute to 

groundwater mineralization and factors that control. Rock–

water interaction, agriculture and industrial effluents, mixing 

water, mineral dissolution, ions exchange and saltwater 

intrusion are the main factors that control and govern 

groundwater quality in coastal area [42, 38, 2]. 

Among the problems affecting groundwater, high fluoride 

concentration is one of the most serious and environmental 

problems in several countries in the world [14, 16]. Severe 

contamination of fluoride in groundwater, as manifested in 

the form of fluorosis, has been reported recently [46, 15, 7, 9, 

12, 50]. The presence of fluoride in groundwater poses a 

great problem. High fluoride concentration in drinking water 

has been found to cause severe human health hazards. 

Several authors [44, 20, and 14] have indicated that fluoride 

is known to cause diseases like dental fluorosis, Alzheimer’s 

disease, dementia, skeletal fluorosis and other hormonal 

disturbances. 

The most recent studies indicate that potential origins of 

fluoride in water are numerous and are dominated by 

industrial fluorosis or foodborne. Industry phosphates, 
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phosphoric acid, phosphate fertilizers and combustion of coal 

are the main source of pollution by fluorinated derivatives. 

Some authors [23, 21, 37, 16] have shown that the 

consumption of water contaminated with dust emitted by the 

industries producing phosphate fertilizers led to the 

development of chronic fluorosis in cattle and humans. High 

fluoride in groundwater has been reported by several 

researchers [22, 24, 26, 33, 42, 51, 12, 14]. 

In nature, groundwater is principally governed by climate 

and geologic composition of aquifer. In semiarid area, high 

fluoride concentration is probably due to higher TDS in 

groundwater, resulting in increased ionic strength and higher 

fluorite (CaF2) solubility in groundwater [30, 13, 40, and 12]. 

Fluoride is released to the soil and groundwater by the 

process of weathering of the primary rocks. Apart from 

natural sources, a considerable amount of fluoride may be 

caused by anthropogenic activities. Phosphatic fertilizers, 

extensively used in agriculture, contain fluoride as an 

impurity, which is leached down to the saturated zone by 

irrigational flows [29, 17, 40, and 16]. 

In this study, geochemical modeling, geostatistical and 

statistical analyses were used to investigate the factors 

controlling the groundwater mineralization and adverse 

effects of phosphate industry on the environment and 

groundwater quality. The results are of great importance for 

the planning and management of water resources in the study 

area. 

2. Materials and Method 

2.1. Study Area 

The Ghannouch aquifer is a part of northern Jeffara 

multilayered aquifer, which is located in southeastern 

Tunisia, on the Mediterranean Sea (Fig. 1). The study area is 

characterized by semi-arid Mediterranean climate with a dry 

and hot summer season and a wet and cool winter season. 

The long-term mean annual rainfall is 200 mm and the 

potential evaporation is over 1300 mm [11]. The annual 

temperature varies between 6.7°C (in Winter) and 33.2°C (in 

Summer) and exceeds sometimes 40°C in July and August 

[11, 43]. 

 

Fig. 1. Situation and geological map of study area. 

The geological of Ghannouch consists in Mio-Plio-

Quaternary formations overlying in discordance lower 

cretaceous formations consisting of continental deposits with 

intercalations of conglomeratic and sandy levels [43]. In 

Ghannouch coastal area, two aquifers were identified. The 

shallow aquifer is in the Miocene continental deposits with 

clays and sandy intercalation and the Senonian aquifer 

represented by two stratigraphic units (a limestone horizon 

with a thickness of approximately 300 m, and a marly 

limestone unit characterized by variable thickness of up to 

500 m [43]. 



 American Journal of Geophysics, Geochemistry and Geosystems Vol. 2, No. 5, 2016, pp. 51-63 53 

 

2.2. Sample Collection and Database 

Groundwater samples were collected in March 2014 from 21 

groundwater samples from wells and hand dug wells (Table 

1). Geographic coordinates were measured using Trimble 

GPS. Physical parameters (TDS, pH, EC) were measured in 

situ using a handheld Consort C933 multiparameter water 

analyser. The samples were filtered before and analyzed by 

ionic chromatography (Methrohm 850 Professional IC). 

Table 1. Physical and chemical analysis of sampled groundwater from study area. 

Well 

id # 

Physical parameters Major ions (mg/l) Ionic 

Balance pH EC (ms/cm) TDS (g/l) Na K Ca Mg HCO3 F Cl Br NO3 SO4 

W1 7.59 4.760 3.400 431.532 18.601 334.238 116.376 108.580 4.271 690.233 1.828 14.120 1016.928 3% 

W2 7.68 4.648 3.320 467.138 16.178 327.044 126.171 101.260 3.240 710.061 2.007 10.030 1015.486 5% 

W3 7.55 4.648 3.320 511.098 24.690 321.241 136.303 108.580 4.614 696.674 1.716 16.783 1123.024 5% 

W4 7.02 4.704 3.360 488.904 21.430 328.606 125.881 114.680 4.645 647.232 2.022 18.724 1082.681 6% 

W5 7.4 4.312 3.080 494.959 23.639 341.071 132.549 111.020 4.604 764.880 2.046 16.586 1081.912 4% 

W6 7.43 4.984 3.560 586.934 31.766 369.210 140.533 109.800 3.752 936.403 2.441 11.646 1129.280 4% 

W7 7.39 5.152 3.680 731.800 38.358 364.171 122.059 107.360 3.946 1028.236 2.737 6.957 1257.211 3% 

W8 7.43 4.928 3.520 617.809 32.793 321.372 150.464 111.020 3.596 887.300 2.838 11.544 1156.950 4% 

W9 7.43 5.600 4.000 702.002 36.546 343.523 153.445 102.480 2.963 970.426 2.527 6.684 1265.997 5% 

W10 7.37 4.067 3.280 604.644 37.941 312.557 134.234 109.800 4.890 847.577 2.488 7.715 1146.696 4% 

W11 7.36 4.414 3.560 534.218 28.702 376.030 120.623 93.940 2.943 841.375 2.441 9.648 1109.666 4% 

W12 7.3 3.968 3.200 476.897 29.292 371.558 98.303 104.920 3.167 736.591 2.262 7.804 991.785 5% 

W13 7.73 4.662 3.760 568.377 35.026 378.651 120.961 117.120 3.109 904.019 2.555 7.467 1095.731 4% 

W14 7.28 4.067 3.280 524.882 32.472 394.633 103.618 98.820 3.056 817.137 2.490 7.059 1072.813 5% 

W15 7.2 5.059 4.080 657.602 21.316 413.876 122.231 109.800 4.130 995.176 2.696 13.940 1216.221 4% 

W16 7.35 5.512 4.240 798.440 34.862 532.947 107.633 97.600 2.776 1215.993 3.282 7.374 1290.265 6% 

W17 7.46 4.096 3.200 447.164 16.064 405.195 127.201 107.360 2.289 644.970 2.043 17.239 1184.577 6% 

W18 7.29 4.361 3.160 429.312 14.897 372.482 121.858 97.600 2.374 626.091 1.986 17.670 1154.131 4% 

W19 7.45 4.794 3.400 461.467 18.159 399.797 125.908 107.360 3.383 681.512 2.125 14.530 1189.632 5% 

W20 7.38 4.771 3.360 488.508 18.339 376.798 126.765 102.480 2.402 705.894 2.059 15.446 1127.949 6% 

W21 7.8 4.548 3.320 471.001 17.755 395.630 125.844 108.580 3.238 715.571 2.158 16.942 1194.996 4% 

 

2.3. Geochemical, Geostatistical and 
Multivariate Analysis Methodoly 

A multidisciplinary approach was used to investigate 

groundwater geochemical composition in study area. 

Geochemical modeling, geostatistical techniques and 

multivariate statistical methods such as Principal 

Components Analysis (PCA) and Hierarchical Cluster 

Analysis (HCA) were considered to understand the processes 

controlling groundwater hydrochemistry. 

2.3.1. Geochemical Modeling 

The chemical composition of groundwater is related to the 

solid product of rock weathering and changes with respect to 

time and space. Therefore, the variation on the concentration 

levels of the different hydrogeochemical constituents 

dissolved in water determines its usefulness and its chemical 

quality [3]. To understand hydro-chemical processes and to 

define groundwater chemical facies, geochemical criteria was 

derived by constructing Piper diagrams and scatter plots of 

relationship between main groundwater chemical 

compositions. These diagrams allow the understanding of 

correlation between composition, their relationship and their 

effect on groundwater quality. In this way, Pie diagram, (Na 

vs Cl), (Br vs Cl), (F vs Ca, pH, HCO3) were established in 

order to identify groundwater mineralization processes and 

principal sources of contamination. 

PHREEQC software [36] was used to compute aqueous 

speciation and saturation indices for each mineral in the 

sampled groundwater. The saturation indices are used to 

evaluate the degree of equilibrium between water and 

specific minerals and are expressed as SI = log (IAP/Kt), 

where IAP is the ion activity product and Kt is the 

equilibrium solubility constant. 

The natural source of fluoride in the hydric environment is 

reflected in the bedrock where the compounds of fluoride 

minerals are leached by groundwater. In nature, hydrogen 

fluoride (HF) is the form of the more reactive fluorine. Other 

inorganic fluorides of environmental importance are calcium 
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fluoride (CaF2) (fluorite or fluorspar), sodium fluoride (NaF) 

and sulfur hexafluoride (SF6). As for anthropogenic source of 

fluorine, recent studies have shown that releases of inorganic 

fluorides in the environment are mostly from aluminum 

industry and the production of phosphate fertilizers. 

2.3.2. Variographic and Geostatistical 

Analysis 

Kriging techniques refer to the process of estimating variable 

values at locations, where no measurements are available. 

Semivariogram is the basic geostatistic tools for visualizing, 

modeling and exploiting the spatial autocorrelation of a 

regionalized variable [3]. Suppose that F(x) is the fluoride 

concentration in groundwater known at N points. 

Autocorrelation between F(x) values at different location xi, 

i=[1..N], is determined by the computational variogram γ(h) 

of the distance h between sampling points in which fluoride 

values were measured. γ(h) is computed using the following 

equation (eq. 1). 

��ℎ� = �
��∑ 
	���� − ��� + ℎ�������                (1) 

Where F(xi) is the measured concentration in groundwater at 

xi location, N is the sampled groundwater number separated 

by distance h. 

After selecting the best perfect variographic model, spatial 

estimation of fluoride concentration can be done by resolving 

ordinary kriging system (eq. 2) which �  is a Lagrange 

multiplicator and kriging weights λi computation. 

�∑ ∑ ��� , �� + � = 	 �̅�� , ����������
∑ �� = 1����

            (2) 

Fluoride interpolated value in location x0 is given by the 

equation [2] below: 

�∗��� = 	∑ �� . ��������                        (3) 

In which F*(x0) is the kriged value at location x0, F*(xi) is 

the known value at location xi, and λi are a set of weights 

obtained by solving the ordinary kriging system. 

2.3.3. Statistical Analysis 

Multivariate analysis of hydro-geochemical database of 

sampled groundwater was performed using multivariate 

statistical approach to investigate the origin of high 

groundwater mineralization in the study area. This approach 

is widely used to identify the sources of high concentration of 

major elements in a groundwater. The utilization of various 

multivariate approaches such as hierarchical cluster analysis 

(HCA) and principal component analysis (PCA), provide 

better understanding of water quality characteristics and 

allows comparison of different samples of waters [4]. 

3. Results and Discussion 

The results of the sampled water analysis are shown in Table 

1. For each sample the physical parameters and the major 

components are presented. The ionic balance calculated for 

all samples analyzed, shows values ranging from 3 to 6% 

which confirms the good quality of chemical analysis 

performed during the study. 

3.1. Summary Statistics 

Statistical summaries of physical and geochemical 

parameters of the groundwater sampled in study area are 

shown in Table 2. TDS ranged from 3.08 to 4.24 g/l with a 

mean of 3.48 g/l indicating a high mineralization values. pH 

ranged from 7 to 7.8 indicating a neutral water. Table 2 also 

shows that, based on mean values, the dominant ions were 

SO4, Cl, Na, Ca, and Mg, suggesting that the groundwater 

mineralization is conditioned by these ions. The fluorine 

values ranged between 2.289 to 4.890 mg/l with mean of 

3.495. Fluorine values were higher than normal Fluorine 

values in normal groundwater, which raises the interest in 

determining the origins of the high fluorine centration of the 

groundwater in Ghannouch region. 

Table 2. Summary statistics of pH, EC, TDS and major ions of sampled wells of study area. 

 pH EC TDS (mg/l) 
Major ions (mg/l) 

HCO3 F Cl Br NO3 SO4 Na K Ca Mg 

Min 7.0 3.968 3.080 93.940 2.289 626.091 1.716 6.684 991.785 429.312 14.897 312.557 98.303 

Max 7.8 5.600 4.240 117.120 4.890 1215.993 3.282 18.724 1290.265 798.440 38.358 532.947 153.445 

Mean 7.4 4.669 3.480 106.198 3.495 812.541 2.321 12.186 1138.282 547.366 26.135 370.506 125.665 

SD 0.2 0.448 0.313 5.933 0.795 153.948 0.380 4.270 81.599 104.163 8.115 48.208 13.377 

Kurtosis 0.9 -0.169 0.705 -0.317 -1.000 0.645 0.455 -1.660 -0.453 0.250 -1.588 5.688 0.615 

Skweness 0.2 0.347 1.178 -0.375 0.272 0.966 0.679 0.044 0.067 1.026 0.112 1.867 0.090 

 

3.2. Geochemical Investigation 

TDS and fluorine concentration (F) are shown in Fig. 2. 

According to Tunisian National Standard NT09.14 (2013), all 

sampled water exceeded the permissible limit of TDS (1.5 

g/l) and F (1.5 mg/l). In fact, these values are much higher 

than the Tunisian National Standard T09.14 and WHO [49]. 

These results raise an important question about possible 

sources of mineralization of groundwater in the study area. 
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Fig. 2. Correlation diagram between TDS and F in sampled wells from 

database of study area. 

 

Fig. 3. Relationship between Chloride and Na (a), TDS (b), NO3 and Br. 

Table 2 shows that the dominant ions in groundwater are Cl, 

Na, SO4, and Ca, suggesting a saline to brackish 

groundwater. The sequence of the abundance of the major 

ions is in the following order SO4 > Cl > Na > Ca > Mg > 

HCO3 > K > NO3 > F > Br. A plot of TDS against Cl and Na 

vs Cl (Fig. 3) show that Cl was perfectly correlated with Na 

(R² = 0.99). The correlation points of Cl = f (Na) diagram 

(Fig. 3.a) coincides with the line of mixing seawater. This 

shows that the Na and Cl ions derived largely from the same 

marine origin. The strong correlation between TDS and Cl 

(R² = 0.73) (Fig. 3.b) indicates that these ions contribute 

significantly to salinization of regional groundwater. 

The diagram Cl vs Br (Fig. 4) shows that Cl is well 

correlated with Br supporting the hypothesis that suggests the 

marine origin of Chloride. 

In order to highlight hydro-chemical trends in groundwater, 

database of sampled groundwater were plotted on the Piper 

diagram (Fig. 5) using the DIAGRAMS software [45]. Fig. 5 

shows that the dominant water type is Na-Cl-Ca-SO4. This 

dominant class may be due to dissolution of Halite (NaCl), 

Gypsum and anhydrite (CaSO4) and seawater intrusion in 

coastal area. 

3.3. Spatial Distribution Groundwater 

Salinization Indicators 

Geostatistics is widely used to map hydro-geochemistry 

aquifer parameters. It allows studying the spatial variability 

of the studied phenomenon. In order to understand spatial 

variability of groundwater salinization indicators such as 

TDS, Cl, NO3 and F, a geostatistical study was conducted 

using EasyKrig MATLAB toolbox. Experimental variograms 

were computed and best fitted models were selected based on 

variographic parameters and double kriging cross-validation 

for TDS, Cl, NO3 and F. Results are shown in Fig. 6 and 

summarized in Table 3. Double kriging cross-validation 

method was used to evaluate the model and select the best 

fitted variographic model. Table 3 shows that the RMSE 

values ranges from 0.00015 to 0.782 and mean standard 

deviation is less than 1.141. The low values of RMSE and 

SD indicate a robustness of the variographic models selected 

to map spatial distribution of groundwater indicators. 

Table 3. Summarizes of variographic parameters of TDS, Cl, NO3 and F. 

Element 
Variographic 

model 
Sill range 

Root Mean 

squired error 

Standard 

deviation 

TDS Gaussian 0.86 0.95 0.00015 0.0065 

Cl Spherical 1.00 1.006 0.782 2.533 

NO3 Gaussian 1.66 0.95 0.001 1.141 

F Gaussian 1.56 0.83 0.003 0.035 

Kriged maps of TDS, Cl and NO3 were showed in Fig. 7. 

Spatial distribution was based on variographic model and 

estimated by Ordinary kriging. Fig. 7a shows that the high 

mineralization is located nearby coastal line in the north of 

study area which indicates a saltwater intrusion in the study 

area. This hypothesis is confirmed by spatial distribution of Cl 

(Fig. 7.b) in which the highest chloride concentration is 

observed in the north of study area (Ghannouch North). NO3 

spatial distribution map (Fig. 7.c) indicates that the highest 

NO3 values were observed in the irrigated areas indicating that 

NO3 might originate from fertilizers. 
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Fig. 4. Correlation diagram between Cl and Br. 

 

Fig. 5. Piper diagram of sampled groundwater from study area (Murch 

2014). 

 

Fig. 6. Empirical variogram, fitted model parameters and double kriging cross-validation. 
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The fluorine distribution map (Fig. 7d) shows three 

distinguished areas with high concentration of fluorine (F> 4 

mg / l). A first zone is localized in the south of study area, in 

which the Tunisian Chemical Group complex is located. This 

finding highlights the possible effect of the local phosphate 

industry on groundwater contamination in the region. A second 

area is identified in the west part of study (Metouia-Oudhref 

oases). This area is characterized by intense agricultural 

activities and the existence of the Mio-Plioquaternary 

evaporates rocks filling the sedimentary basin. Finally, the 

third area with a significant concentration of fluorine is the 

Northern part of the study area which corresponds to the 

agricultural area of Northern part of study area. 

 

Fig. 7. Spatial distribution map of fluoride in study area (a) TDS, (b) Chloride, (c) NO3 and (d) fluoride. 
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3.4. Multivariate Statistical Analysis 

Principal Component Analysis (PCA) was performed on the 

groundwater database from the study area using 13 variables 

and 21 observations. PCA includes loading for the rotated 

component matrix, eigenvalues for each component and the 

variance explained of each variable controlled by the set of 

components [1]. The first three components explain more 

than 75% percent of the variance, respectively, and, thus, 

account for the majority of the variance in the original data 

set. However, Component 3 explains only 12.65% of the 

variance (Table 4). Factorial F1 x F2 is shown in Fig. 8. 

Table 4. Rotated Component Matrix of the Chemical Data from study area. 

Components 
Initial Eigen values Sum of squares of factors for rotation 

Total % of variance Cumulative % Total % of variance Cumulative % 

1 5.82 44.80 44.80 5.823 44.795 44.795 

2 2.32 17.86 62.66 2.322 17.864 62.66 

3 1.65 12.65 75.31 1.645 12.653 75.313 

4 1.14 8.79 84.10    

5 0.83 6.40 90.49    

6 0.51 3.93 94.43    

7 0.32 2.46 96.89    

8 0.15 1.18 98.07    

9 0.09 0.71 98.77    

10 0.07 0.57 99.34    

11 0.04 0.33 99.67    

12 0.03 0.26 99.93    

13 0.01 0.07 100.00    

 

 

Fig. 8. Projection of the variables in the first and second factorial plan. 

The high correlation values between variables and the 

eigenvectors can be used to interpret the hydrochemical 

processes that control groundwater salinity. For instance, 

TDS, EC, Na, Cl and SO4 are included by the first principal 

component shown in Table 4. 

Fig. 8 shows three distinguished groups on the factorial 

diagram F1xF2. A first association loaded positively by the 

factor F1 containing the main ions that control groundwater 

mineralization (TDS, Cl, Na, Ca, SO4, Br). This component 

was considered, therefore, as the component of groundwater 

mineralization. The second association is positively loaded 

by the second component and includes pH, HCO3, F and Mg. 

This component is interpreted as the alkalinity component. 

The ion NO3, is the third association and is manifested by the 

negative F1 axis. This axis represents the anthropogenic 

pollution component due to the rich irrigation water return 

phosphatic elements. 

 

Fig. 9. Groundwater quality dendrogram using award distance from Q-mode 

HCA. 

Hierarchical cluster analysis (HCA) was applied to 

groundwater data in order to understand the different water 

samples. Based on Ward’s linkage method, the dendrogram 



 American Journal of Geophysics, Geochemistry and Geosystems Vol. 2, No. 5, 2016, pp. 51-63 59 

 

computed for water samples (Fig. 9). HCA clusters together 

at low linkage distances samples with similar spatial 

characteristics and relationships, while dissimilar samples are 

linked at higher linkage distances. Fig. 9 shows three 

distinguished clusters in the dendrogram. These findings 

confirm the PCA results and suggest that each cluster is an 

indication of a distinct water group. 

3.5. The Origin of Fluoride in Ghannouch 

Groundwater 

The analysis of the fluorine kriging map (Fig. 10) allowed us 

to identify three possible sources of fluorine in groundwater: 

i) Natural origin, caused by water-rock interaction and 

chemical reactions, during the residence time, between 

groundwater and rocks. This origin concerns the entire 

study area in which the fluorine content rarely exceeds 2 

mg / l, 

ii) An agricultural origin corresponding to the fraction of 

fluorine phosphate fertilizer, returning from irrigation 

water. This fluorine source concerns mainly agricultural 

areas, and 

iii) An industrial source, although anthropogenic, this source 

is due to the storage and disposal of phosphate waste from 

the phosphate treatment industry. 

 
Fig. 10. Relationship between NO3 and F, showing three possible origins of 

fluoride in groundwater from study area. 

 

Fig. 11. Plots of pH, Ca and HCO3 against F. 

To better understand the relationship between fluorine and 

other components of groundwater, relationship between 

fluorine and HCO3, pH and Ca was established. Fig. 11.a 

shows a significant relationship between HCO3 and F. 

Nevertheless, the relationship between fluorine and calcium 

(Fig. 11.b) shows a negative correlation between these two 

ions. This suggests a reaction between Ca and F ions. [25] 

indicated that Ca and Mg decrease with increasing fluoride in 

groundwater. High fluoride and very low Ca and Mg in 

groundwater may be due to prior precipitation of CaCO3 

from water and only limited incorporation of F in CaCO3. 

The positive relation between fluoride and HCO3 is explained 

by considering the mass law equation relating calcite and 

fluorite when the two elements are in contact with 

groundwater. Chemical reaction of fluoride with calcite [25] 

is shown in the following equation (eq.4). 

CaCO!	 +	H# 	+ 2F& 	↔ 	CaF� + HCO!&          (4) 

The water pH is also very important for the fluoride solubility 

in groundwater. [18], [6] and [25] reported that water pH is 

responsible for increasing or decreasing of the fluorine content 

in groundwater. Fig.11.c shows that the concentration of 

fluorine corresponds to pH values over than 7. 

3.6. Fluoride Saturation Index 

The saturation index (SI) is the ratio of Ion Activities Product 

(IAP) to the product solubility of the mineral. SI indicates 

trend phases to dissolve or precipitate and can track the 

geochemical evolution of water in an aquifer. When SI is 

positive, it means that the solution is saturated with respect to 

the mineral that has a tendency to precipite. However, when 

SI is negative, the solution is under-saturated with mineral 

which tends to dissolve. The geochemical modeling program 

PHREEQC [36] was used to calculate SI of sampled waters 

from study area. The plots of SI against gypsum, halite, 

calcite and fluorine were shown in Fig. 12. 
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Fig. 12 shows that gypsum and halite have not reached the 

saturation line but they continue to dissolve in groundwater. 

However, groundwater in study area is oversaturated with 

fluorine and calcite. The fluoride tends to precipitate and 

enriched groundwater fluorine by precipitation of fluorite 

(CaF2). 

The relationship between SI (Fluorite) and SI (Calcite) was 

also plotted. Figure 13 shows that most of the scatter plot was 

over the saturation line of both calcite and fluorite. These 

findings support the hypothesis of fluoride groundwater 

saturation and contamination of groundwater. 

 

Fig. 12. Relationships between Saturation Index (IS) and (a) gypsum, (b) Halite, (c) Calcite and (d) Fluorine. 

 

Fig. 13. SI-Fluorite versus SI-Calcite showing a saturation of Calcite and 

Fluorite in groundwater of study area. 

3.7. Assessment of Fluoride Health 
Implications 

In order to showcase the measured fluoride levels and their 

effects on human health in Ghannouch region, groundwater 

was classified based on fluoride concentration. Fig. 14 

reveals that 100% of sampled waters have Fluoride 

concentration over the limit permissible by World Health 

Orggabesanization [49] suggesting possible effects on human 

health and risk of fluorosis in this region. 

 

Fig. 14. Fluoride concentration risk classes of study area. 

In order to assess groundwater fluoride hazard, all sampled 

waters were classified according World Health Organization. 

The results of this classification are shown in Table 5. Table 5 

shows that none of the tested samples was classified in safe 

limit. Therefore, all of sampled waters were in fluoride 

hazard on human health and 26% of waters are in dental 

fluorosis (Table 5). 
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Table 5. Classifying groundwater based on F- (mg/l) hazard. 

F concentration 

(mg/l) 

No. of 

samples 
Effects on human health (WHO, 2002) 

< 1.5 0 % Safe limit 

1.5 - 3 26% Dental fluorosis 

3 - 4 43% Stiff and brittle bones 

> 4 31% 

Deformities in knees; crippling fluorosis; 

bones finally paralyzed resulting in 

inability to walk or stand straight 

This effect was remarkable on the teeth of the habitants of 

Ghannouch, where traces of flurosoe began to appear over a 

part of the population [19]. This area has more than 70 

thousand habitants that may be under the effects of 

atmospheric and water pollution. For instance, exceeding 3 

mg/l, fluoride can cause health problems related to skeletal 

[49]. In addition, according to [49], consuming water with 

fluoride concentrations greater than 3 mg/l can cause bones 

to become rigid and brittle. If the fluorine concentration 

exceeds 4 mg/l, deformations can appear in the knees. Then 

after, bones can be finally paralyzed resulting to an inability 

to walk or stand straight. These findings, combined with the 

effects of high fluorine, renders the situation very serious and 

in need of attention by the authorities. If people continue to 

use these waters without treatment to reduce the 

concentration of fluoride, these people will be in great risk of 

being attacked by very serious bone diseases. 

4. Conclusion 

The present study concludes that fluoride concentration in 

groundwater has values greater that permissible limit of 

World Health Organization. Fluoride concentration ranged 

from 2.8 to 4.89 mg/l. Several modeling approach indicated 

that the chemistry of the groundwater is controlled by the 

fluorite (CaF2), calcite (CaCO3) and halite (NaCl) solubility. 

Water quality was determined by several factors such as 

geology and anthropogenic effects. High fluoride in 

groundwater occurs in: 

� Return of irrigation water rich phosphate fertilizers, due to 

the intense exploitation of agricultural land in the study 

area. 

� Rock-water interactions due to long time residence of 

groundwater expressed by ionic exchange with Mio-

Plioquaternary clays filling the sedimentary basin of study 

area;. 

� Rejection of phosphate waste from the phosphate 

processing industry and the fluorine industry. 

Groundwater from study area was assessed according to 

world health organization. It was concluded that all sampled 

waters have a fluoride concentration over permissible limit 

concentration. 

Among sampled waters, 74% show a fluoride concetration 

exceeding 3 mg/l. This contamination is due, in part, to the 

return of irrigation water rich in phosphate components and 

industrial discharges of chemical industry of phosphate and 

fluorine. The situation, in the study area, becomes critical and 

defloruration treatments are necessary for prevention against 

bone diseases that may attack the consumers of water in the 

study area. 
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