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1. Introduction  

Water pollution has become a focus of modern studies in worldwide due to the importance of water 

to human life. Groundwater pollution and its suitability for drinking and agriculture are influenced by 

many factors, including exposure of groundwater to rocks and different geological layers, and pollution 

from materials added to the environment by human activities. Therefore, these additives contribute to 

deteriorating water quality, and they are used industrial processes, and in agricultural materials such as 

pesticides and chemical fertilizers (Weiner, 2000). 

The study of water quality includes several hydrogeochemical factors, in addition to contamination 

with heavy metals. Therefore, it is important to study the physicochemical properties of water, which 

include (pH, EC, TDS, and TH), as well as the concentrations of positive, and negative ions and heavy 

elements in groundwater. 

Hydrochemical assessment is an important method for determining water quality (Britto et al., 

2018). Water quality is strongly influenced by natural factors, including chemical and physical 
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processes such as rock weathering, rainfall climate, and human activities (Hadgu et al., 2014). 

Therefore, it is necessary to develop water quality monitoring programs, which are considered one of the 

most effective ways to assess the environmental status of water resources. In the current study, the water 

quality index (WQI) has been used. 

Geochemical processes are responsible for the spatial and seasonal changes in the chemistry of 

groundwater, so groundwater evolves chemically through interactions with minerals of the aquifer or 

through internal mixing of different groundwater along underground flow paths (Nganje et al., 2010). 

The presence of heavy metals in the groundwater is so dangerous and can lead to death. Metals such 

as arsenic, cadmium, chromium, copper, lead, mercury, nickel, and zinc are commonly found in polluted 

sites and aquatic systems. Heavy metals can cause diseases affecting the bones, brain, kidneys, and 

muscles, and may lead to various disorders such as anemia, kidney disease, neurological disorders, and 

even death (Sharma, 2014). 

The current study is significant and may be the first of its kind in Aqra and the surrounding areas. 

Therefore, the main objective is to study the geochemistry and quality of the groundwater that is 

important for humans, soil, and crops, as well as to know the region’s water content of heavy elements 

and the extent of its pollution relying on hydrogeochemical models, which help identify the various 

factors that control the development of groundwater during its presence in the aquifer (Hussein et al., 

2021). 

2. The Study Area 

The study area is positioned in the Kurdistan region, northern part of Iraq, at latitudes 36˚30'' to 

37˚01'' and longitudes of 43˚36'' to 44˚18'' (Fig. 1), represented by mountainous heights in the north part 

of it and a large sedimentary basin extending to the south that includes a considerable number of wells 

used for drinking, agriculture, and irrigation porposses. The area is characterized by an average rainfall 

736.07 mm from 2000 to 2020, and an average temperature 20.7˚C. 

 
Fig.1. Location map of the study area 

In terms of stratigraphy and geomorphology, the vast majority of the land in the study area are of a 

mountainous nature, characterized by complexity and steep slope, occupying about 56% of the district's 

total area. Most of the mountainous areas are concentrated in the northern and northeastern sides of Aqra 

District, where limestone and dolomite of the Pila Spi, Aqra, and Qamchuqa formations are 

predominant, along with bituminous materials within Aqrah and Shiranish formations (Jassim and Goff, 



Iraqi Geological Journal Aqrawi and Al-Mallah   2026, 59 (2B), 159-179 

 

161 

 

2006). The rocks of the Fatha Formation consist of anhydrite, gypsum, limestone, and marl, and the 

Injana Formation consists of fine-layered sandstone, red and green clay rocks and recent sediments that 

form Bai Hassan. These are spread across large valleys between the high folds. After this the land begins 

to decline in the south to form undulating plains that occupy the southern and southwestern regions 

representing about 33% of the total area, while the eastern sides are hills and plateaus that occupy about 

11% of the total area (Britto et al., 2018), in which the Bai Hassan Formation rocks are spread consisting 

of large-sized rocks and coarse gravel representing estuaries. 

3. Materials and Methods  

To represent the entire study area, the sites for taking samples must be carefully selected (Fig.2). 

Accordingly, the sites for samples were selected using the ArcMap GIS program, and 21 groundwater 

wells were selected, which are distributed over the entire Aqra District on the various formations in the 

area, including those located within residential neighborhoods and agricultural lands, where the water of 

these wells is used for drinking, various domestic purposes, agriculture, and irrigation. The depths of the 

selected wells range between 50 and 300 m. Table 1 shows the coordinates, depths, and elevations of the 

wells. 

 

Fig. 2. The locations of the selected samples 
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Table 1. The coordinates, depths and elevations of the wells above sea level 

Well No. Longitude Latitude 
Elevation 

(m) 

Depth 

(m ( 
Geological formation 

Drilling 

(year) 

W 1 402107 4084759 646 276 Pila Spi 2016 
W 2 409516 4081113 543 160 Shiranish 2004 
W 3 410716 4080721 526 215 Fatha 2011 

W 4 410534 4074564 970 50 Aqra 2003 
W 5 408087 4070871 645 120 Fatha-Pila Spi 2010 

W 6 401760 4068385 720 140 Pila Spi 2012 

W 7 400139 4062621 577 300 Recent-Bai Hassan 2013 
W 8 385310 4074246 808 119 Aqra-Shiranish 2008 

W 9 379606 4067997 444 240 Recent-Bai Hassan 2011 
W 10 376678 4060880 405 200 Recent-Bai Hassan 2011 

W 11 377010 4057336 398 135 Recent-Bai Hassan 1989 

W 12 389548 4062979 560 240 Recent-Bai Hassan 2017 
W 13 386614 4058346 495 180 Recent-Bai Hassan 2000 

W 14 395188 4059127 569 280 Recent-Bai Hassan 2013 
W 15 412538 4060927 509 110 Recent-Bai Hassan 2008 

W 16 430721 4057965 440 106 Recent-Bai Hassan 2010 
W 17 416697 4052087 373 165 Recent-Bai Hassan 2008 

W 18 405794 4051969 462 250 Recent-Bai Hassan 2008 

W 19 402216 4055833 488 184 Recent-Bai Hassan 2000 
W 20 392909 4050243 631 200 Recent-Bai Hassan 2016 

W 21 398991 4042155 358 210 Recent-Bai Hassan 2010 

Water samples collected from these wells were analyzed to quantify major cations (Ca2+, Mg2+, 

Na+, and K+), and major anions (Cl-, SO4
2-, NO3

-, and HCO3
-), along with measuring the 

physicochemical indicies (pH, EC, TH, and TDS). The concentrations of heavy metals (Cd, Pb, Co, Zn, 

Cu, Fe, Mn, Cr, and Ni) in the water conducted using the Atomic Absorption Spectrophotometer. 

The Water Quality Index (WQI) is used to determine the water suitability for drinking. It can be 

calculated through the following equations (Ameen, 2019). 

Wi = K/Si =  1/Si  ………………………… (1) 

Where: (Wi) unit weight; (K) constant of proportionality; (Si) water quality standards. 

Qi =  (Vi/Si) ∗ 100   ……………………………… (2) 

Where: (Qi) water quality rating, (Vi) average of the data observed, (Si) water quality standards. 

QpH =  [(VpH −  7.0) /1.5] ∗  100   ............................... (3) 

Where: QpH is the quality rating for pH, VpH is the value of pH observed 

WQI =  [∑ (Qi. Wi)/∑Wi]  .................................... (4) 

The Water Quality Index (WQI) indicates the suitability of water for drinking; the higher value is 

the higher unsuitability of water for human consumption, as shown in Table 2. 

Table 2. Types of water based on WQI values (Horton, 1965; Ameen, 2019) 

Possible use Type of Water WQI 

Drinking, irrigation, and industrial Excellent  0-25 

Drinking, irrigation, and industrial Good  26-50 

Irrigation and industrial Poor  51-75 

Irrigation Very Poor  76-100 

Proper treatment required before use Unsuitable  >100 

A contamination factor (CF) was used, a simple and effective tool for monitoring and assessing the 

extent of water pollution by heavy metals. It can be calculated by the equation below (Bhutiani et al., 

2017; Alfaifi et al., 2021) as suggested by Hakanson (1980). 
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𝐶𝐹𝑖 =  CAi/CNi …………………. (5) 

Where; Cfi: Contamination factor, CAi: Analytical Concentration, CNi: Permissible Concentration 

Depending on the contamination factor (CF) values, the water is classified according to Table 3 as 

below. 

Table 3. Classification of water polluted by heavy metals in relation to the pollution factor (Hakanson, 

1980) 

Contamination level Contamination factor 

Low Contamination factor < 1 

Moderate Contamination factor 1-3 

Considerable Contamination factor 3-6 

Very high Contamination factor > 6 

The contamination factor (CF) quantifies contamination of the sample by individual elements; 

therefore, the contamination degree index (CD) (Singh et al., 2014) can be used, which represents the 

total pollution factors present in the sample to provide a unified description of the pollution. It can be 

calculated from the following equation. 

CD =  ∑ ∗ 𝑛
𝑖=1 CFi  …………………… (6) 

Where: CD: Contamination degree index, CF: Contamination factor 

Depending on the CD values, the water is classified as in Table 4 (Singh et al., 2014). 

Table 4. Classification of water contaminated with heavy metals based on the degree of pollution index. 

(Hakanson, 1980) 

Contamination Degree Contamination degree index 

Low Degree of Contamination < 8 

Moderate Degree of Contamination 8-16 

Considerable Degree of  Contamination 16-32 

Very high Degree of Contamination > 32 

As for the heavy elements and the sensitivity limits of the device; an atomic absorption 

spectrophotometer (Shimadzu AA-7000) was used to measure the concentrations of heavy elements in 

water; both the graphite furnace and flame methods were applied (Table 5). 

Table 5. Detection limits of the instrument used for analyzing heavy metals in the water samples 

Elements Flame (ppm) Graphite Furnace (ppm) 

Cd 
 

< 0.01 < 0.00001 
Pb 

 
0.01~ 0.09  0.00001~0.00009 

Co 
 

0.01~ 0.09  0.0001~0.0009 
Zn 

 
< 0.01  0.00001~0.00009 

Cu  < 0.01  0.00001~0.00009 
Fe  0.01~ 0.09  0.00001~0.00009 
Mn  0.01~ 0.09  0.00001~0.00009 
Cr 

 
0.01~ 0.09  0.00001~0.00009 

Ni 
 

0.01~ 0.09  0.0001~0.0009 

4. Results and Discussion 

4.1. Major Ions and Hydrochemical Parameters 

The major ions and hydrochemical parametare results (Table 6) showed an increase in the pH value 

of the sample W18 to reach 8.3 in the study area, but generally, it ranged between 7.0 and 8.3 and 

reached an average of 7.5, it is located within standard limits for drinking water. The high pH value of 

the mentioned well is due to sodium bicarbonate water type Na+-HCO3
- as indicated by the Piper 
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classification. In general the electrical conductivity (EC) of groundwater in the study area range from 

258.7 to 1787 μS/cm, with an average of 485.9 μS/cm, the highest value recorded in the well W5 that 

was drilled on the Fatha Formation caused by the increase in the well’s content of dissolved solids 

although this percentage is within the standard limits of the World Health Organization (WHO) 

(Cotruvo, 2017). The TDS values in the water of the wells in the study area ranged from 165.6 to 1143.7 

ppm, with an average of 311.01 ppm, and the highest value was recorded in well W5, which exceeds the 

WHO specifications. The water hardness ranged from 74.8 to 876 ppm, with an average of 262.5 ppm. 

The highest value was recorded at well W5, exceeding the World Health Organization's permissible 

limit of 500 ppm. In general, there is a decrease in the hydrochemical parameters as we move away from 

the large folds in the north of the area to the south towards the groundwater flow. Fig. 3 shows the spatial 

distributions of these variables in the study area. 

Table 6. Concentrations of cations, anions, accuracy, hydrochemical parameters, and WQI for the 

groundwater samples. 
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When comparing the hardness values presented in Table 6 with Todd (1980) classification in Table 

7, it becomes evident that well W18 falls within the freshwater type, and the wells W 15, and 20 are 

classified within the intermediate field, while the wells W 1, 3, 7, 9, 10, 11, 12, 13, 14, 17, 19, and 21 are 

located within the hard field, and the W 2, 4, 5, 6, 8, and 16 are categorized as very hard water. 

Furthermore, this hardness is of a temporary type, which is caused by the prevalence of limestone and 

dolomite rocks consisting of the Aqra and Peris folds, which supply the water with bicarbonate, calcium, 

and magnesium. Except that, the hardness in well W5 is of the permanent type resulting from sulfate 

ions associated with calcium as indicated by the Piper classification. 

Table 7. Water Classification Based on Hardness Levels (Todd, 1980) 

Water quality Hardness (mg/l) 

Fresh 0 – 75 

Medium 75 – 150 

Hard 150 – 300 

Very hard > 300 

 

Fig. 3. Spatial distribution of the hydrochemical parameters in the studied area 

As for the cations, the concentration of calcium ions in the wells of the study area ranged between 

17.6 and 201.6 ppm, with an average of 63.6 ppm. The standards of WHO recommend that the 

proportion of calcium should not exceed 75 ppm. Accordingly, the wells W2, W4, W5, W8, and W9 

recorded an excess of calcium above the limits of WHO specifications that mentioned in Table 5 

(Cotruvo, 2017). 
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Magnesium ion values ranged between 7.5 and 90.7 ppm, with an average of 25.3 ppm; these 

values generally fall within the standard specifications for drinking water. From Fig. 4, it can be seen 

that the contents of calcium and magnesium ions decrease toward the south, away from the source of 

dolomite in Aqra and Peris folds (Pila Spi and Bakhme-Aqra formations), which corresponds to the 

direction of groundwater flow, except that the highest percentage of calcium was recorded in the well 

W5 drilled on the Fatha Formation. The dispersal of carbonate rocks in the study area for Aqra, Bakhme, 

Pila Spi, Qamchuqa, and Fatha formations make them the main sources of these two ions in the 

groundwater. 

The concentration of sodium ions in the water of the study area ranged between 1.1 and 91 ppm 

with an average of 15.31 ppm, where the international specifications of the WHO recommend a 

percentage not exceeding 200 ppm. Fig. 4 shows an increase in the concentration of sodium in the south 

and southeast of the study area, which is toward the direction of the groundwater flaw, and the highest 

percentage was recorded in well W5 reached 91 ppm, which is believed to be due to the dissolution of 

evaporite rocks from the Fatha Formation, as well as the W18 recorded a rate of  55.3 ppm and the 

water is of sodium bicarbonate type according to Piper classification. 

The potassium ion values range between 0.3 and 4.7 ppm, with an average of 1.06 ppm. It also can 

be noted that this percentage decreases towards the groundwater flow south of the study area (Fig. 4). 

 
Fig. 4. Spatial distribution of the cations in the studied area 

The concentration of bicarbonate ranged from 132 to 392 ppm, with an average of 230.24 ppm, it 

generally did not exceed the WHO guideline value of 350 ppm, except for well W8, which recorded the 

highest concentration of bicarbonate 392 ppm, it can noted from Fig. 5 that that wells close to carbonate 

rock sources have a higher percentage of bicarbonate, which is a result of the large spread of limestone 

and dolomitic rocks in the Aqrah and Peris folds, these percentages begin to decline towards the 

movement of groundwater south and southeast of the study area.  
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The concentration of chloride ranged between 8 and 190 ppm, with an average of 22.52 ppm. This 

percentage falls within the limits of international standards of the WHO. Fig. 5 shows that the highest 

percentage of chloride was observed in the W5 well, which was drilled in the Fatha Formation. 

Sulfate ions ranged from 1.5 to 480.8 ppm with an average of 43.14 ppm. The  international 

specifications of the WHO guideline for sulfate in drinking water is 250 ppm. Fig 5 shows that the 

highest sulfate concentration was recorded in well W5, which was drilled within the Fatha Formation, 

and this is related to the presence of gypsum and anhydrite within the formation. In contrast, most other 

wells in the study area recorded relatively low sulfate concentrations. 

 

Fig. 5. Spatial distribution of the anions in the studied area 

 

 

Using the Piper classification, it was found that the prevalent cation is calcium, followed by 

magnesium, sodium, then potassium, Ca2+> Mg2+> Na+> K+, and the anions are bicarbonate, followed 

by sulfates, chlorides, and then nitrates HCO3
-> SO4

2- > Cl- > NO3
-. 

The water samples from wells 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 17, 20, and 21 are 

classified as normal earth-alkaline water with dominant bicarbonate, samples of wells 15, and 19 

correspond to earth alkaline water with increased alkali content with prevailing bicarbonate, and sample 

W5 is identified as normal earth alkaline water with dominant sulfate or chloride, The water sample 

W18 is located within the alkaline water category with prevailing bicarbonate concetration, as shown in 

Fig. 6 
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Fig. 6. Classification of water samples according to the Piper (1944) diagram 

The ionic composition of water is used to classify it into ionic types based on the predominant anion 

and cation expressed in meq/l. The dominant dissolved ion must constitute more than 50% of the total 

dissolved ions for water to be classified. Moreover if no cation or anion prevalent (constituting more 

than 50%) water will classified as mixed type and the most common cations or anions are used in 

descending order of abundance to describe the type of water (Ravikumar et al., 2015; U.S. Geological 

Survey, 2019). Accordingly, through Piper classification within the Aqua Chem program (Fig. 6), it was 

found that all the water from the wells of the study area are represent mixed type, and five 

hydrochemical facies were distinguished. However, most of the wells water are calcium and magnesium 

bicarbonate type, where it constituted 76.19% of all samples. W15 containes magnesium and sodium 

bicarbonate representing a percentage of 4.76%. W16 and W17 conatain magnesium and calcium 

bicarbonate, representing of 9.5%, and W18 of sodium and calcium bicarbonate, which represents a 

percentage of 4.76%, and W5 has water type of calcium and magnesium sulfate represent 4.76% of all 

wells, as shown in Table 8. 

The diversity in the groundwater facies in the study area indicates that it passes through various 

rock formations, so it derives calcium, magnesium, and bicarbonate from the rock formations (Aqra, 

Qamchuqa, and Pila Spi), while sulfate, sodium, and chloride are derived from the Fatah Formation, so 

this diversity appears in the water . 

Table 8. The hydrochemical facies of the water samples in the study area 

Percentage of studied 

water sample 

Type 

of water 

Chemistry 

of water 
Well No. 

66.6 % 3HCO-Mg-Ca 3HCO-Mg-Ca 
W(1,2,3,4,7,8,9,10,11,12, 

13,14 ,20,21) 

4.76 % 4SO-Mg-Ca 3HCO-Cl-4SO-Mg-Ca W5 

4.76 % 3HCO-Mg-Ca 4SO-3HCO-Mg-Ca W6 

4.76 % 3HCO-Na-Mg 3HCO-Ca-Na-Mg W15 

9.5 % 3HCO-Ca-Mg 3HCO-Ca-Mg W16 , W17 

4.76 % 3HCO-Ca-Na 4SO-3HCO-Ca-Na W18 

4.76 % 3HCO-Mg-Ca 3HCO-Na-Mg-Ca W19 
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4.1.1. Suitability of the water for drinking 

To estimate the suitability of water for drinking, the water quality index (WQI) was used, by 

representing the results of the analysis using equations 1, 2, 3, and 4. After comparing the obtained 

results for the WQI values in the study area which are shown in Table 5, and the limits of water quality 

index (Table 2), it was found that the wells 1, 2, 3, 7, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, and 21 

are excellent for human consumption as low values of WQI were calculated for most samples, and the 

wells W4, W6 are located within the good field, except for the two wells W5 and W8 which are located 

within the poor field, where they showed high values due to the excess levels of nitrates, sulfates, 

calcium, and others above the permissible limits. 

4.1.2. Groundwater uses for irrigation 

 Wilcox Diagram (1955) was used (Fig. 7); the scheme is divided into five fields, and the water is 

classified based on electrical conductivity and sodium percentage. All the studied samples were 

excellent for irrigation, except for wells W5 and W8, which are located within the good irrigation water. 

 

Fig. 7. A representation of the samples on the Wilcox (1955) diagram 

4.2. Heavy Metals Assessment 

The current study measured the concentrations of several heavy metals in groundwater, including 

Cd, Pb, Co, Zn, Cu, Fe, Mn, Cr, and Ni. The measured values, along with the permissible global limits, 

are presented in Table 9 in ppm. 
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Table 9. Heavy metal concentrations in the water wells of the study area 

W 

metal / Cd Pb Co Zn Cu Fe Mn Cr Ni 

WHO, 

2017 / 
0.003 0.01 0.005 3.0 2.0 0.3 0.1 0.05 0.07 

W1 0.00000 0.00015 0.00014 0.4325 0.4033 0.0831 0.0662 0.0000 0.0089 

W2 0.00000 0.00000 0.00037 0.1011 0.4073 0.1325 0.0662 0.0000 0.0237 

W3 0.00000 0.00052 0.00102 0.1892 0.4043 0.6717 0.0808 0.0247 0.0000 

W4 0.00000 0.00000 0.00008 0.1038 0.4093 0.1536 0.0727 0.0205 0.0296 

W5 0.00000 0.00000 0.00077 0.2388 0.4073 1.8901 0.0824 0.0247 0.0325 

W6 0.00000 0.00082 0.00116 0.1065 0.4003 0.1043 0.0759 0.0163 0.0089 

W7 0.00000 0.00139 0.00087 0.1020 0.3963 0.8456 0.0889 0.0000 0.0000 

W8 0.00000 0.00124 0.00009 0.1241 0.4013 0.7187 0.0824 0.0122 0.0000 

W9 0.00000 0.00000 0.00005 0.1088 0.4202 0.0526 0.0905 0.0000 0.0000 

W10 0.00000 0.00000 0.00004 0.1016 0.3934 0.0620 0.0800 0.0000 0.0000 

W11 0.00000 0.00106 0.00019 0.1002 0.4132 0.0408 0.0751 0.0000 0.0000 

W12 0.00000 0.00209 0.00016 0.2505 0.4103 0.2899 0.0662 0.0000 0.0177 

W13 0.00000 0.00000 0.00022 0.1002 0.4182 0.0291 0.0889 0.0040 0.0000 

W14 0.00000 0.00000 0.00010 0.0989 0.4132 0.0361 0.0857 0.0000 0.0000 

W15 0.00000 0.00000 0.00018 0.2654 0.3874 0.0749 0.0873 0.0000 0.0000 

W16 0.00000 0.00000 0.00000 0.0998 0.4043 0.1313 0.0694 0.0081 0.0148 

W17 0.00000 0.00000 0.00016 0.1079 0.4232 0.0667 0.0889 0.0332 0.0000 

W18 0.00000 0.00000 0.00004 0.1056 0.3894 0.0667 0.0840 0.0000 0.0000 

W19 0.00000 0.00055 0.00008 0.1034 0.3953 0.0631 0.0824 0.0000 0.0000 

W20 0.00000 0.00033 0.00000 0.2239 0.4152 0.1278 0.0662 0.0000 0.0000 

W21 0.00000 0.00727 0.00123 0.1011 0.3973 0.0479 0.0808 0.0000 0.0000 

mean 0.0000 0.0007 0.0003 0.1507 0.4052 0.2709 0.0791 0.0068 0.0065 

The contamination factor (CF) was used, a simple and effective tool for monitoring and assessing 

the extent of water pollution by heavy metals. The contamination factor (CF) quantifies contamination 

of the sample by individual elements, therefore, the contamination degree index (CD) (Singh et al., 

2014) can be used, which represents the total pollution factors present in the sample to provide a unified 

description of the pollution. 

 After representing the results of analyses of heavy metals in water using equations 5 and 6, the 

results were as shown in Table 10. When compared with Tables 3 and 4, it was clear that most wells are 

considered safe based on the contamination factor (CF). However, samples from W3, W7, and W8 are 

located within moderate pollution with iron, and W5 is located within the very high pollution field with 

iron. As for the contamination degree index (CD), all wells are located within a field of low pollution, 

except for W5, which is located within the field of medium pollution with heavy metals. 
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Table 10. Represents the analysis of the water in the study area with the equations of water pollution 

with heavy metals 

WELL 
CONTAMINATION FACTOR (Cf) Degree of 

Contamination (CD) Cd Pb Co Zn Cu Fe Mn Cr Ni 

W1 0.0000 0.0030 0.0280 0.1442 0.4033 0.2770 0.6620 0.0000 0.0890 1.6065 

W2 0.0000 0.0000 0.0740 0.0337 0.4073 0.4417 0.6620 0.0000 0.2370 1.8557 

W3 0.0000 0.0104 0.2040 0.0631 0.4043 2.2390 0.8080 0.4940 0.0000 4.2228 

W4 0.0000 0.0000 0.0160 0.0346 0.4093 0.5120 0.7270 0.4100 0.2960 2.4049 

W5 0.0000 0.0000 0.1540 0.0796 0.4073 6.3003 0.8240 0.4940 0.3250 8.5842 

W6 0.0000 0.0164 0.2320 0.0355 0.4003 0.3477 0.7590 0.3260 0.0890 2.2059 

W7 0.0000 0.0278 0.1740 0.0340 0.3963 2.8187 0.8890 0.0000 0.0000 4.3398 

W8 0.0000 0.0248 0.0180 0.0414 0.4013 2.3957 0.8240 0.2440 0.0000 3.9491 

W9 0.0000 0.0000 0.0100 0.0363 0.4202 0.1753 0.9050 0.0000 0.0000 1.5468 

W10 0.0000 0.0000 0.0080 0.0339 0.3934 0.2067 0.8000 0.0000 0.0000 1.4419 

W11 0.0000 0.0212 0.0380 0.0334 0.4132 0.1360 0.7510 0.0000 0.0000 1.3928 

W12 0.0000 0.0418 0.0320 0.0835 0.4103 0.9663 0.6620 0.0000 0.1770 2.3729 

W13 0.0000 0.0000 0.0440 0.0334 0.4182 0.0970 0.8890 0.0800 0.0000 1.5616 

W14 0.0000 0.0000 0.0200 0.0330 0.4132 0.1203 0.8570 0.0000 0.0000 1.4435 

W15 0.0000 0.0000 0.0360 0.0885 0.3874 0.2497 0.8730 0.0000 0.0000 1.6345 

W16 0.0000 0.0000 0.0000 0.0333 0.4043 0.4377 0.6940 0.1620 0.1480 1.8792 

W17 0.0000 0.0000 0.0320 0.0360 0.4232 0.2223 0.8890 0.6640 0.0000 2.2665 

W18 0.0000 0.0000 0.0080 0.0352 0.3894 0.2223 0.8400 0.0000 0.0000 1.4949 

W19 0.0000 0.0110 0.0160 0.0345 0.3953 0.2103 0.8240 0.0000 0.0000 1.4911 

W20 0.0000 0.0066 0.0000 0.0746 0.4152 0.4260 0.6620 0.0000 0.0000 1.5844 

W21 0.0000 0.1454 0.2460 0.0337 0.3973 0.1597 0.8080 0.0000 0.0000 1.7901 

4.3. Reactions and Mechanisms Controlling the Groundwater Chemistry 

Some mathematical ratios are used to describe the ions present in water. These ratios help explain 

the interactions between the rocks and water, besides using them to determine the changes in the 

properties of groundwater due to chemical processes that occur along the flow path. 

The Ca/Mg ratio can be used to identify the type of rocks that supply water with ions; a ratio of 

more than 1 indicates that the dessolving of calcite rocks contributes to the addition of Ca2+ and Mg2+ 

ions to the water, and whenever it is less than 1, this indicates the contribution of dolomite rocks to the 

addition of these ions (Rifat et al., 2021). In the study area, most of the samples recorded a ratio greater 

than 1, which indicates a greater contribution of calcite rocks to the addition of these ions to the water, 

except for the W15, W16, and W17, where they recorded values less than 1, which are closer to the 

dolomitic Bakhma Formation, as shown in Table 11. 

The Cation Exchange Value (CEV) is a measure of the number of cations that can be retained on 

the surfaces of soil particles, where negative charges on the surfaces of soil particles bind to positively 

charged atoms or molecules (cations) but allow them to exchange with other positively charged particles 

in the surrounding soil water (Nusantara et al., 2020). The cation exchange value (CEV) can be 

determined using the Cl-(Na+K)/Cl ratio, which showed positive values in 62% of all well water 

samples from the study area. This indicates an ion exchange process between Na+ and K+ ions in the 

water and Ca2+ and Mg2+ ions in the rocks or soil. Conversely, 38% of the samples showed negative 
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values, indicating a reverse exchange process between Ca2+ and Mg2+ ions in the water and Na+ and K+ 

ions in the rocks or soil (Nwankwoala and Udom, 2011; Saha et al., 2019) (Table 12). 

The weathering of carbonate rocks and silicate minerals is the main source of Ca2+, Mg2+, and 

HCO3
- ions in water of inland origin. Therefore, the source of these ions can be determined from 

Mg/(Ca+Mg) ratio. If it is less than 0.5, it indicates weathering of calcite and dolomite rocks; if it is 

greater than 0.5, it indicates weathering of dolomite and calcite precipitation. In the study area, this ratio 

recorded a rate of 0.38, which indicates that the source of calcium and magnesium ions is from the 

weathering of calcite and dolomite minerals in the study area (Saha et al., 2019) (Table 11). 

Depending on the ratio HCO3/∑Anion, if it is greater than 1, it indicates the dominance of 

carbonate and silicate rock dissolution, while if it is less than 0.8, it indicates the dominance of gypsum 

rock dissolution. In the study area, this ratio recorded values greater than 0.8, which indicates the 

dominance of the carbonate and silicate rocks dissolution, while the sample W5 engraved on the Fatha 

Formation recorded a ratio of 0.25, which indicates the dominance of gypsum rock dissolution within 

the formation (Saha et al., 2019) (Table 11). 

The dissolution of salt rocks adds nearly equivalent concentrations of sodium and chloride ions to 

the water, so the ratio between them will be close to 1. After representing the values of sodium and 

chlorine in the water samples of the study area with a linear relationship (Fig. 8), it was found that most 

of the samples are located close to the 1:1 line, which indicates that the source of sodium and chlorine is 

from the dissolution of salt rocks of Fatha Formation. However, some points are located far from the 1:1 

line, which indicates that other processes contribute to the addition of sodium and chlorine to the water, 

therefore when the ratio of Na/Cl is greater than 1, this indicates that silicate rock weathering or ion 

exchange processes in clay minerals act as sources of adding sodium ions to the water (Sajil and James, 

2016), and this was observed in several water samples in the study area especially W18, with water type 

of sodium bicarbonate. Furthermore, when this ratio is less than 1, it indicates that the dissolution of salt 

rocks is the source of sodium ions in the water (Table 11). 

 

Fig. 8. Illustrates the relationship between (Na) and (Cl) for the wells in the study area 

The sources of Ca and Mg ions can be identified by representing the relationship between the sums 

of Ca + Mg and SO4 + HCO3. When the points (representing the samples) are close to or cluster around 

the 1:1 line this indicates that the dissolution of calcite, dolomite, and gypsum is the dominant 

geochemical process. After representing the samples from the study area using this relationship, the data 

points cluster around the 1:1 line, indicating that the dissolution of calcite, dolomite, and gypsum is 

responsible for the addition of calcium and magnesium ions in the water (Nganje et al., 2010), as shown 

in Fig. 9. 
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3+ HCO 4he relationship between Ca + Mg and SOT .Fig. 9 

Table 11. Geochemical ratios used to explain the chemistry of the water in the study area 

Well Ca/Mg 
Mg/(Ca+

Mg) 

HCO3/∑

Anion 
Na/Cl Well Ca/Mg 

Mg/(Ca+

Mg) 

HCO3/∑

Anion 
Na/Cl 

W1 1.93 0.34 0.87 0.12 W12 2.19 0.31 0.83 0.54 

W2 1.56 0.39 0.85 0.22 W13 2.00 0.33 0.85 0.49 

W3 2.01 0.33 0.86 0.19 W14 2.65 0.27 0.81 0.41 

W4 1.27 0.44 0.77 0.27 W15 0.82 0.55 0.82 4.02 

W5 1.35 0.43 0.25 0.73 W16 0.79 0.56 0.71 0.81 

W6 1.06 0.49 0.62 0.78 W17 0.92 0.52 0.88 1.52 

W7 2.16 0.32 0.83 1.17 W18 1.43 0.41 0.59 4.21 

W8 1.44 0.41 0.70 1.54 W19 1.15 0.46 0.82 3.42 

W9 3.20 0.24 0.76 0.84 W20 2.52 0.28 0.79 0.66 

W10 1.68 0.37 0.81 1.56 W21 2.67 0.27 0.61 1.00 

W11 2.43 0.29 0.82 0.61 mean 1.77 0.38 0.75 1.19 

In order to determine the predominant geochemical process in the study area, the Gibbs Diagram 

was used, which is an important tool for studying the geochemical processes. Gibbs identified three 

natural mechanisms that control water chemistry: rock weathering, precipitation, evaporation, and 

crystallization. 

The Gibbs Diagram is obtained when the ratio Na/(Na+Ca) on the X-axis is plotted against the TDS 

values on the Y-axis, and the same is for Cl/(Cl+HCO3) vs. TDS. Therefore, when rock weathering is the 

predominant process, water is produced in which Ca2+ and HCO3
- ions predominate, with moderate TDS 

values, and the water sample points are located in the middle part of the diagram. In the second process, 

the low salinity of NaCl-type water is due to precipitation processes, therefore, the sample points plot in 

the lower right corner of the chart arm. The third mechanism controlling water chemistry is the 

evaporation-crystallization process, which is important in arid regions where evaporation exceeds 

precipitation; under these conditions, the sample points plot in the upper part of the diagram. (Rout et al., 

2012). 

After plotting the water samples on the Gibbs Diagram, it was found that they lied in the rock 

weathering field, which is the predominant mechanism controlling groundwater chemistry in the study 

area (Fig. 10). 
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Fig. 10. Representation of the groundwater samples in the study area by the Gibbs (1970) diagram 

4.4. The Origin of the Groundwater 

Geochemical ratios are usually used to find out the origin of groundwater by linking the ions 

through mathematical relationships (Hussein et al., 2021). In this study, several ratios were applied to 

explain the origin of the groundwater in the study area. 

• Cl/HCO3 ratio: This ratio ranges from 1 to 5 in fresh water, and 20 to 50 in seawater (Rout et al., 

2012). These values in the study area range from 0.063 to 1.068, with an average of 0.159, which 

refers to the inland origin of the groundwater. 

• Mg/Ca ratio: Since marine water contains more magnesium than calcium, this ratio is close to 3.7 

for the marine origin water (Nganje et al., 2010; Hussein et al., 2021). This ratio in the study area 

ranged between 0.31 and 1.26, which refers to the inland origin of the groundwater. 

• Cl-(Na+K)/Cl Cation Exchange Value (CEV): Low and near-zero values of this relationship 

(whether positive or negative) refer to low- salinity inland water, whereas in marine waters the ratio 

ranges between 1.2 and 1.3 (Rout et al., 2012; Hussein et al., 2021). In the study area, values range 

from -3.11 and 0.04, which indicates the inland origin of the groundwater (Table 12). 

Table 12. Geochemical ratios and CEV values for groundwater in the study area 

Well 3Cl/HCO Mg/Ca CEV Well 3Cl/HCO Mg/Ca CEV 

W1 0.10 0.52 0.85 W12 0.09 0.46 0.43 

W2 0.07 0.64 0.74 W13 0.10 0.50 0.48 

W3 0.08 0.50 0.79 W14 0.12 0.38 0.57 

W4 0.06 0.79 0.52 W15 0.11 1.21 -3.11 

W5 1.07 0.74 0.26 W16 0.19 1.26 0.17 

W6 0.15 0.95 0.04 W17 0.09 1.09 -0.59 

W7 0.12 0.46 -0.21 W18 0.26 0.70 -3.25 

W8 0.07 0.69 -0.65 W19 0.09 0.87 -2.50 

W9 0.13 0.31 0.14 W20 0.11 0.40 0.31 

W10 0.07 0.60 -0.63 W21 0.18 0.37 -0.05 

W11 0.09 0.41 0.34 mean 0.16 0.66 -0.25 

4.5. Statistical Analysis 

The correlations between cations, anions, and selected physicochemical parameters were evaluated 

to identify the common geochemical behavior between these elements in the study area, the data were 

statistically analyzed using SPSS software, as follows. 
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The bicarbonate recorded a significant inverse correlation with the pH (r = -0.825), indicating that 

an increase in bicarbonate increases the acidity of the water’s alkaline when it combines with calcium, 

magnesium, and other ions. 

Strong significant correlations were observed between TDS and each of Ca2+, Mg2+, Cl-, SO4
2-, and 

a moderate correlation with Na+ and HCO3
-; therefore, these ions are responsible for the increase in total 

dissolved solids in the water. 

A significant positive correlation (r= 0.975) was observed between TDS and TH, indicating that 

water hardness is primarily controlled by the total dissolved solids. 

A significant positive correlation between Ca2+ and Mg2+ (r = 0.877) indicates that they originate 

from the same source, which may be due to the dissolution of carbonate rocks that are widespread in the 

area. 

A significant positive correlation was recorded between Ca2+ and SO4
2- and Ca+2, and Cl- and SO4

2- 

and Cl-, where these ions are associated in the Fatha Formation rocks of gypsum, anhydrite, and salt 

deposits. High concentrations of all these ions are observed in well W5, which is drilled within the Fatha 

Formation. 

Sodium and chloride show a significant positive correlation (r = 0.832), as they are generally 

associated due to their common geochemical origin and similar formation processes (Table 13). 

No significant relationship was observed with nitrate ions (NO3
-), especially that well W8 shows a 

high nitrate concentration, which refers to the organic source of nitrate, independent of the other major 

ions, especially in this well. 

Table 13. Correlation coefficient matrix for the main components of the water wells in the study area 

 
PH TDS TH Ca++ Mg++ Na+ K+ Cl- SO4

2- NO3
- 

HCO3
-

&CO3 

PH 1           

TDS -0.589 1          

TH -0.716 0.975 1         

Ca++ -0.675 0.943 0.974 1        

Mg++ -0.717 0.946 0.963 0.877 1       

Na+ -0.026 0.736 0.572 0.517 0.599 1      

K+ -0.462 0.466 0.491 0.390 0.579 0.251 1     

Cl- -0.374 0.936 0.865 0.849 0.825 0.832 0.276 1    

SO4
2- -0.402 0.947 0.887 0.867 0.850 0.811 0.391 0.986 1   

NO3
- -0.235 0.123 0.138 0.155 0.109 -0.022 0.195 -0.100 -0.113 1  

HCO3

&CO3 
-0.825 0.600 0.713 0.648 0.743 0.085 0.503 0.308 0.341 0.382 1 

The SPSS program was also used to perform a statistical analysis (cluster analysis) of the wells and 

separate them into groups with similar properties, as shown in Fig. 11, from which we note the 

following: 

At the first similarity level a, two independent groups were distinguished. 

The first group includes the W5, which has high content of sulfur and sulfur-quality water of 

calcium sulfate. 

The second group includes the rest of the wells, which are characterized by their high content of 

bicarbonate and water of bicarbonate quality, mostly calcium bicarbonate. 

As for level b, four distinct groups emerged. 

The first group includes wells 1, 2, 3, 4, 6, 9, 16, and 17 characterized by a carbonate nature and 

having a higher TDS. 
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The second group includes wells 7, 10, 11, 12, 13, 14, 15, 18, 19, 20, and 21, which are also 

characterized by a carbonate nature and contain a lower TDS than the first group. 

The third group: W8 contains bicarbonate water and has a high nitrate content. 

The fourth group includes W5, which is unique in that its water is of a sulfurous nature from 

calcium sulfate. 

 

Fig. 11. Cluster analysis using SPSS program shows the correlation between the studied wells 

5. Conclusions 

From studying the components of groundwater, it was found that the water is neutral to low basic 

and ranges from soft to very hard, but most of the samples are located within the field of temporary 

hardness resulting from the dissolution of carbonate rocks spread in the area, except for one well W5, 

drilled on the Fatha Formation, the water of which is permanently hard. The water is of a mixed type, 

and five hydrochemical facies were distinguished, but most of the samples are of the calcium and 

magnesium bicarbonate type, which constituted (76.19%) of all samples.  

The Water Quality Index (WQI), shows that most of the water wells are excellent for human 

consumption, while the water of wells W4, and W6 are located within the good field, howevere, W5, 

and W8 are located within the poor field, where the well W5 showed slightly high values of sulfate, 

calcium, chloride, and sodium, and well W8 recorded an increase in nitrate ion.  

Wilcox classification indicated that most of the samples are excellent water for irrigation, and the 

wells W5 and W8 fall within the good field due to the higher electrical conductivity of these wells than 

the others. In general, the water content of heavy metals is low, as indicated by the contamination factor 

(CF), except for the wells W3, W7, and W8 that fall within the field of medium pollution with iron, and 

the well W5 falls within the field of very high pollution with iron. As for the contamination degree index 

(CD), all wells fall within the low-pollution field, except for W5, which falls within the 

medium-pollution field for heavy metals. The groundwater in the area is of inland origin, and there is no 

pollution by ancient marine water bodies. The Gibbs Diagram indicates the rock weathering is a 

dominant mechanism that controls the chemistry of the groundwater in the study area. 
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