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Abstract:  The study area is located in the northern part of Ethiopia, in the Tigray Regional state and it covers about 279 km2. A 
total of 37 groundwater samples were examined for various physico-chemical parameters to evaluate the groundwater 
quality and its suitability for drinking purposes. Groundwater quality of the study area were examined by various 
physico-chemical parameters, such as pH, electrical conductivity, total dissolved solids, total hardness, calcium, 
magnesium, sodium, potassium, bicarbonate, sulfate, and chloride. The suitability of the groundwater of the study 
area for drinking purpose was evaluated by comparing the analytical results with the standard limits of the water 
quality parameters for drinking purpose set by the World Health Organization and the Ethiopian Water Quality 
Standard. The distribution of the groundwater samples in the piper diagram reveals that all the groundwater samples 
fall under the Ca-Mg-HCO3 and Ca-Mg-Na-HCO3 category. Generally, the sample analysis shows that all the 
groundwater samples collected from the study area are fit for drinking purposes. 
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1. INTRODUCTION 

Groundwater quality can be defined as the physical, chemical and biological characteristics of 
water and it is one of the major sources of drinking water all over the world (Bear, 1979). It is used 
to determine the suitability for use of water for domestic, agricultural and industrial purposes. It can 
be also used to detect the sources and history of groundwater, based on the aspect that groundwater 
compositions change through reactions with the environment and its quality analysis may lead to 
information about the flow paths and its hydraulic properties (Walton, 1970). Groundwater quality 
depends on a number of factors, such as geology, degree of chemical weathering of the various rock 
types, quality of recharge water and water rock interaction (Domenico and Schwartz, 1990; Ayenew 
et al., 2008). The knowledge of hydrochemistry is essential to determine the origin of chemical 
composition of groundwater (Zaporozec, 1972). The type and concentration of groundwater 
constituents depend on the origin and composition of the recharge water, types of soils and minerals 
that the water has been in contact with along its flow paths, and the residence time and reactions 
that takes place within the ground. Human induced activities, which cause pollution at the surface, 
have also a significant impact on groundwater quality. Poor quality of water adversely affects the 
human health (Todd, 1980; WHO, 2004).  

Groundwater used for domestic purpose contains a wide variety of dissolved inorganic chemical 
constituents in various concentrations, resulting from chemical and biochemical interactions 
between water and the geological materials (Hem, 1992). Variation in groundwater quality in an 
area is a function of physical and chemical parameters that are greatly influenced by geological 
formations and anthropogenic activities (Subramani et al., 2005). To utilize and protect valuable 
water resources effectively and predict the change in groundwater quality, it is necessary to 
understand the hydrochemical characteristics of the groundwater and its development under natural 
water circulation processes (Hem, 1992). Groundwater quality of the study area has not been 
assessed so far, therefore, in the present study a detailed investigation was carried out with the 
objectives of evaluating the spatial distribution of the groundwater quality and its suitability for 
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drinking water purposes in Adigrat town and its surrounding areas. 

2. STUDY AREA 

The study area is located in the Tigray Regional State, Northern Ethiopia. It is located 120 km 
north of Mekelle city, the capital of Tigray Regional State, in zone UTM 37 and is enclosed 
between latitudes of 1568205 to 1592375 m N and longitudes of 543723 to 560832 m E. The study 
area covers a surface area of about 279 km2 and it is accessible with all-weather roads (Figure 1). 
The study area is characterized by rugged mountainous topography and the elevation of the study 
area varies from 1901 m in the northeast to 3298 m in the southwest. Temperature in the area varies 
from 8 to 25 oC, with a mean value of 17.3 oC, while precipitation values vary from 492 to 
716 mm yr-1, with a mean value of 630 mm yr-1. The study area is classified into five main land 
use/cover classes, namely cultivable land, bare land, shrub land, settlement and grazing land. The 
soil type of the study area is classified into four dominant soils, that is sandy loam, silt-loam, clay 
and sandy soils. The major geological formations observed in the study area are the Basement 
rocks, Enticho Sandstone, Edaga Arbi glacial, Adigrat Sandstone and Aiba Basalt. 

 

Figure 1. Location map of the study area. 

3. METHODOLOGY 

3.1 Sampling technique and data analysis 

To evaluate the quality of groundwater, a total of 37 groundwater samples have been collected 
from different representative areas and sources of the study area (Figures 2 and 3). The groundwater 
samples were collected during the dry period, in May and end of September, so as to avoid 
groundwater dilution. The samples were collected from different sources such as boreholes, springs, 
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streams and rainfall. Sample bottles were washed using distilled water before sampling and then 
immediately closed securely, to avoid exposure to air. In order to collect fresh clean water from the 
boreholes, the water was left running for about 5 minutes or until temperature and electrical 
conductivity value remained stable. High-density polyethylene (HDPE) bottles were used for 
sample collection. The samples bottles were filled up to the brim and immediately sealed carefully 
to avoid exposure to air and the samples were labeled systematically. 

 

Figure 2. Groundwater sampling at Abune Aregawi well field (547729, 1576927). 

 

Figure 3. Distribution of groundwater samples. 
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During the sample collection, the standard procedures recommended by the American Public 
Health Association (APHA, 1995) were followed to ensure data quality and consistency. The 
sampling method from the boreholes was depth integrated sampling. Two sample bottles were 
collected from one sample location. The first sample was intended for anion analyses and left 
unacidified, while the second sample bottle was acidified with 2 ml of concentrated sulfuric acid 
and was used later for cations analysis. At field level, water quality tests such as TDS, EC, pH, 
dissolved oxygen (O2) and temperature measurements have been made for most of the inventoried 
wells and springs, while analyses of the major cations and anions of the samples were conducted in 
Mekelle University (Ethiopia) and Technical University of Darmstadt (Germany). The pH and 
electrical conductivity (EC) were measured in situ using Hanna meter multi-parameter probe and 
the major ions were analyzed in the laboratory using the standard methods suggested by the 
American Public Health Association (APHA, 1995). 

Alkalinity was determined by simple acid base titration method (APHA, 1995). In this method, 
hydroxyl ions present in the sample as a result of dissociation or hydrolysis were determined by 
titration with strong acid, like HCl-, using methyl orange as indicators used for determination of 
total alkalinity. Total hardness (TH) as CaCO3, Calcium (Ca+2), magnesium (Mg+2) were 
determined by titrimetric method, while sodium (Na+) and potassium (K+) by flame photometer. 
Chloride (Cl−) and Bicarbonate (HCO3

−) were analyzed titrimetrically, whereas Fluoride (F−), 
Nitrate (NO3

−) and Sulfate (SO4
−2) were determined by spectrophotometric techniques. The spatial 

analysis of various physico-chemical parameters were carried out using the ArcGIS-10.3 software. 
The hydrochemical faces (Piper diagram) plot in the study area was plotted using Aquachem v.4 

software. The suitability of groundwater for drinking purposes was evaluated by comparing the 
values of the different water quality parameters with the standard guidelines set for drinking 
purpose by the World Health Organization (WHO, 2004), Ministry of Health (MoH, 1996) and 
Ethiopian Water Quality Standard (2001). 

3.2 Reliability check 

To evaluate the accuracy of the chemical analysis results in the labs, the balance between cations 
and anions measured by the electro-neutrality has been examined. In an electrically neutral solution, 
the sum of the cations should be equal to the sum of anions in milli-equivalent per liter (Hounslow, 
1995). 

Electro-neutrality (%) =�∑Cations −∑Anions
∑Cations +∑Anions

� ∗ 100 (1) 

Based on the electro neutrality, analysis of water samples with a percent balance error < ±5 % is 
regarded acceptable (Fetter, 2001). The cations and anions balance results of the sample analysis of 
the study area were found to be reliable, as the charge balance error of all the collected samples 
were found within the accepted limits of <±5 %. Average neutrality values of the samples were 
found to be 1.35 %. 

3.3 GIS analysis 

The spatial analysis of various physico-chemical parameters was carried out using the ArcGIS-
10.3 software. In order to interpolate the data spatially and to estimate values between 
measurements, Kriging interpolation method was used, because this interpolation method considers 
the spacing between the point to be interpolated (Burrough and McDonnell, 1988). In this 
interpolation method, all the data points are used in the interpolation process and the node values 
are calculated by averaging the weighted sum of all the points. Kriging interpolation method is one 
of the most popular and useful geostatistical gridding methods, which produces visually attractive 
maps from irregularly spaced data. 
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4. RESULTS AND DISCUSSION 

4.1 Suitability for human consumption 

The quality standards for drinking water have been specified by the World Health Organization 
(WHO) in 2004 and Ethiopian Water Quality Standard. The behavior of the major ions (Ca+2, Mg+2, 
Na+, K+1, HCO3

-1, SO4
-2, Cl-1) and important physico-chemical parameters, such as pH, electrical 

conductivity (EC), total dissolved solids (TDS), total hardness (TH) and the suitability of 
groundwater for drinking purpose of the study area is summarized and presented in Table 1. 

 
Table 1. Maximum allowable concentrations of major ions for drinking water compiled from (WHO, 2004; EWQS, 

2001; MoH, 1996) and average values for the study area. 

Parameters WHO (2004) Ethiopia 
Study area 

Min Max Mean Median Mode Std. Dev. 
Total dissolved solids (mg/l) 1000 1000 106 790 354.9 350 350 129.5 
Dissolved oxygen (mg/l) 6 6 1 7 5.38 5.83 6.58 1.32 
EC(µS/cm) 2000 1500 193 1104 592.8 560 575 190.5 
pH 6.5-8.5 6.5-8.5 6.5 8 7.3 7.3 7.3 0.2 
Temperature (oC) 25 25 20 23 21.3 21.6 20.6 0.9 
Nitrate (mg/l) 50 50 0 66 7.6 3 0 12.04 
Sodium(mg/l) 200 250 2 129 33.6 26 14 26.9 
Chloride (mg/l) 250 250 1.3 134 25 15 12.8 29.6 
Bicarbonate    135 555 269 250 325 98.7 
Sulfate (mg/l) 250 250 2 300 59.6 49.1 25 56.1 
Calcium(mg/l) 150 75 15 60 55.5 46 45 29.14 
Magnesium(mg/l) 200 50 4 53 25.7 25 25 10.1 
Potassium(mg/l)   0 14 2.95 2.1 0.31 3.04 
Hardness - - 90 550 244.2 227.3 202.5 90.1 

4.1.1 pH 

pH is a measure of the balance between the concentration of hydrogen ions and hydroxyl ions in 
water and it is the indicator of acidic or alkaline condition of water status. The limit of pH value for 
drinking water is specified as 6.5-8.5 (WHO, 2004). The pH value of all the groundwater samples 
collected from the study area varies from 6.5 to 8 and this shows that there is no danger of extreme 
acidity or alkalinity in any of the groundwater samples. 

4.1.2 Electrical conductivity (EC) 

Electrical conductivity depends on water’s capacity to convey an electric current, which is used 
for indicating the total concentration of ionized constituents present in natural water (Hem, 1992). 
Electrical conductivity is a measure of water capacity to convey electric current and this is 
expressed as micro Siemens per centimeter at a given temperature (µS/cm). The most desirable 
limit of electrical conductivity in drinking water is prescribed as 2000 µS/cm (WHO, 2004). The 
maximum permissible limit of electrical conductivity in drinking water is prescribed as 1500 
µmhos/cm (EWQS, 2001). The electrical conductivity value of the groundwater samples collected 
from the study area was varying from 193 to 1104 µS/cm with a mean and standard deviation value 
of 592.8 and 190.5, respectively. The range of electrical conductivity values of all the samples 
collected from the area are found within the acceptable range of drinking water set by WHO (2004) 
and Ethiopian Water Quality Standard.  

As it is shown in the spatial EC distribution map of the area (Figure 4), groundwater with high 
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EC, up to 1104 μS/cm, was observed in grazing lands found in the central part of the study area. 
The variation in the EC values of the water samples is mainly controlled by lithology of the study 
area, cations and anions present, residence time and temperature of the groundwater. 

 

Figure 4. EC distribution map of the study area. 

4.1.3 Total dissolved solids (TDS) 

Total dissolved solids (TDS) is a measure of the combined total of organic and inorganic 
substances contained in a liquid. Source of TDS in drinking water comes from natural water 
sources, manures, urban runoff, industrial wastewater and chemicals used in the water treatment 
process, and the hardware or piping used to distribute water (Davis and DeWiest, 1966). According 
to WHO (2004), specification TDS values of 500 mg/l is the highest desirable limit and up to 
1,500 mg/l is the maximum permissible limit for drinking purpose. Generally, tastiness of drinking 
water with less TDS value is considered to be good, while higher TDS value is not palatable by 
consumers. Higher TDS value in drinking water does not mean that the water becomes a health 
hazard and the problems may be concerned with the staining, taste or precipitation.  

According to the Davis and DeWiest (1966) classification of groundwater based on TDS, 89% of 
the total groundwater samples in the study area were desirable for drinking, while the rest 11% of 
the samples lie within the permissible range for drinking purpose (Table 2).  

According to Figure 5, the total dissolved solid concentration of the samples in the study area 
varies from 160 mg/l to 790 mg/l, with an average value of 355 mg/l. The source of higher TDS 
values observed in samples taken from the area was mainly due to the presence of weathered 
sedimentary rock and organic sources, such as decaying organisms (plants and animals), presence 

https://www.sciencedirect.com/science/article/pii/S167498711100020X#bib30�
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of waste materials and chemicals that discharge from urban and agricultural runoff. The 
concentration shown a general increasing nature as one goes from southern to northern part of the 
area with a high variation in concentration around the town. Generally, groundwater quality status 
of the samples evaluated based on TDS value is good and it is within the standard limits set by 
WHO (2004) and Ethiopian Water Quality Standard (2001).  

 
Table 2. Classification of groundwater based on TDS (Davis and DeWiest, 1966). 

TDS (mg/l) Water type Sample result of the area (%) 
<500 Desirable for drinking 89 
500-1000 Permissible for drinking 11 
<3000 Useful for irrigation - 
>3000 Unfit for drinking and irrigation - 

 

Figure 5. TDS distribution map of the study area. 

4.1.4 Total hardness (TH) 

The total hardness as CaCO3 can be computed from the concentration of calcium and magnesium 
by the following formula (Todd, 1980), where concentrations are in mg/l: 

Total hardness (mg/l) = 2.5[Ca+2]  +  4.1[Mg+2] (2) 

The ideal range of total hardness is typically between 50 and 150 mg/l CaCO3. The total 
hardness as CaCO3 and MgCO3 of different water sources lies under moderately hard to very hard 
categories. For boreholes the range of values for total harness is between 25 mg/l to 300mg/l. Water 
that is naturally low in calcium and magnesium is soft water. Soft water contains less that 75 mg/l 
of total hardness as CaCO3. Water that contains more than 200 mg/l CaCO3 is considered hard 
(Driscoll, 1986). The total hardness of the samples collected from the study area was varying 
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between 25.7 to 555 mg/l.  
According to Sawyer and McCart’s classification, only 30% of the total groundwater samples are 

soft, while 50% of the collected samples belong to moderately hard and the remaining 20% of the 
samples comprises hard water (Table 3). 

 
Table 3. Sawyer and McCart’s classification of groundwater hardness and water samples of the  study area. 

Hardness(mg/l) Water type Sample result (%) 
<75 Soft 30 
75-150 Moderately hard 50 
150-300 Hard 20 
>300 Very hard - 

4.1.5 Calcium and magnesium 

Calcium and magnesium are the most abundant elements in the natural surface and groundwater 
and those exists mainly as bicarbonates. Major natural sources of calcium are amphiboles, feldspars, 
gypsum, pyroxenes, aragonite, calcite, dolomite and clay minerals (Todd, 1980). The maximum 
permissible limit of calcium concentration for drinking water is specified as 200 mg/l (WHO, 
2004). Calcium is part of our bones and teeth and deficiency of calcium in drinking water may 
cause health problem like hypertension. Water low in calcium may be associated with higher risk of 
fracture in children, certain neurodegenerative diseases, pre-term birth and low weight at birth 
(Rude et al., 1998). Therefore, according to WHO (2004) groundwater quality rating, all of the 
samples taken from the study area found within the permissible limit of Ca2+ concentration. 

The maximum permissible limit of Mg+2 concentration of drinking water is specified as 150 mg/l 
(WHO, 2004). Magnesium deficiency in drinking water may increase the risk to humans in 
developing of various pathological conditions such as vasoconstrictions, hypertension, cardiac 
arrhythmia (BIS, 2012). Drinking water that has low content of magnesium concentration can cause 
increased morbidity and mortality form cardiovascular disease, higher risk of motor neuronal 
disease, pregnancy disorders. 

According to Figure 6a, calcium concentrations of the study area varies from 15 to 160 mg/l, 
with an average value of 55 mg/l. The presence of high amount of calcium in samples is related 
with the presence of the silica rock in the sedimentary rock, which release calcium from the 
dissolution of calcium containing material such as calcite and anhydrite, while lowest calcium 
concentration observed in the samples is related with the absence of clay and shale material 
overlying or intercalating of Enticho Sandstone aquifer. Figure 6b shows that magnesium 
concentration of the samples taken from the study area varies from 4 to 53 mg/l, with an average 
value of 26 mg/l. 

4.1.6 Potassium and sodium 

Potassium and sodium are important ions in groundwater and are used to assess quality control 
for samples and laboratory analysis. Potassium is a naturally occurring element, however its 
concentration remains quite lower compared to Ca+2 and Mg+2. Potassium is an essential nutritional 
element, but its concentration in most drinking water is low. Concentration of potassium in natural 
water is generally less than 10mg/l (Todd, 1980). The concentration of potassium in the study area 
varies from 0 to 14 mg/l, with mean and standard deviation values of 2.95 mg/l and 3, respectively. 
The source of potassium in the study area was due to agricultural activities and natural sources of 
potassium, like orthoclase feldspars and clay minerals. The maximum permissible limit of sodium 
concentration in drinking water is 200 mg/l (WHO, 2004). Low concentrations of sodium have little 
or no effect on health, while high concentration of sodium has corrosive effect. High sodium 
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content slightly reduces the capacity of water softener. Excess sodium may affect those restricted to 
low sodium diets and pregnant women suffering from toxemia. The concentration of Na+ in the 
study area varies from 2 to 129 mg/l and weathering effect of feldspars and clay minerals are the 
major source of Na+ in the study area. 

 

Figure 6. Calcium and Magnesium distribution map of the study area. 

4.1.7 Sulfate (SO4
-) 

Concentration of sulfate in natural water is commonly less than 300 mg/l except in wells 
influenced by acid mine drainage (Todd, 1980). According to WHO (2004), the maximum 
permissible limit of SO4

2- concentration of drinking water is 250 mg/l. The sulfate concentration of 
the study area ranges between 2 to 300 mg/l with an average value of 60 mg/l, indicating that all 
samples fall within the desirable limit. Major natural sources of sulfate are oxidation of sulfide ores 
and anhydrite. Sulfate is one of the major anions occurring in natural waters. 

4.1.8 Nitrate (NO3
-) 

Groundwater can be contaminated by fertilizer application, human and livestock sewage, 
deposition of plants and other wastes rich in nitrates (Chukwura et al., 2015).  

As it is illustrated in Figure 7, the nitrate concentration of the study area varies from 2 to 66 mg/l 
with a mean value of 8 mg/l. Concentration of nitrate was relatively high around Adigrat city and 
Kerseber areas. However, almost all groundwater samples fall under the permissible limit of 
drinking water set by the WHO (2004) and Ethiopian Water Quality Standard (2001). The presence 
of relatively higher values of nitrate in the samples is related with the presence of atmospheric 
nitrogen gas, discharge of municipal sewages from the town and surface runoff that contain organic 
fertilizers from agricultural activities of the study area. 
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Figure 7. Distribution map of nitrate concentration of the study area. 

4.1.9 Chloride (Cl-) 

Chlorides are found in natural water due to leaching of chloride containing rocks and soils 
discharges of effluents from chemical industries, sewage disposal and irrigation drainage. Higher 
concentration of chloride is harmful to heart and kidney of people, indigestion, taste, palatability 
and corrosion are also affected. According to WHO (2004), the maximum permissible limit of 
chloride concentration of drinking water is 250 mg/l. Higher chloride content in groundwater shows 
heavy pollution and this can be resulted from the use of inorganic fertilizer, septic tank effluent, 
industrial and irrigation activities and higher concentration of chloride gives an undesirable taste to 
water and beverages (Todd, 1980). 

According to Figure 8, chloride concentration varies from 1.3 to 134 mg/l with an average value 
of 24.9 mg/l. Generally, chloride concentration of the study area falls under the permissible limit of 
the drinking water set by WHO (2004). 

4.1.10 Bicarbonate (HCO3
-) 

The origin of carbonate ions, dissolved carbon dioxide (CO2) and bicarbonate (HCO3
-) ions 

found in groundwater are basically from the carbon dioxide which exists in the atmosphere, soil and 
dissolution of carbonate rocks (Davis and DeWiest, 1966). Concentration of bicarbonate in natural 
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water is commonly less than 500 mg/l, and it may exceed 1000 mg/l in water highly charged with 
carbon dioxide (Todd, 1980). Summarized bicarbonate results obtained from the samples of the 
study area were found between 135 to 550 mg/l with a value of 269 mg/l. Generally, the samples 
taken from the study area show that the result is found within the permissible limits for drinking 
purpose set by WHO (2004). 

 

Figure 8. Distribution map of chloride concentration of the study area. 

4.2 Hydro-geochemical faces 

In this research work the chemical analysis results of the water samples from the study area were 
plotted on the piper tri-linear diagram using Aquachem computer program. 

According to the Piper diagram given in Figure 9, the plot in the cations triangle shows that 
calcium is the most dominant cation, followed by magnesium and sodium. On the other hand, the 
anion triangle contains bicarbonate as dominant anion. Therefore, the hydrochemical types of the 
groundwater samples collected from the study area can be classified into Ca-Mg-HCO3 and Ca-Mg-
Na-HCO3 as the major water type groups. This can be related to the Calcium and Magnesium rich 
minerals of the volcanic rocks and low grade metamorphic rocks, mainly found in the western, 
southwestern and northeastern parts of the study area.  
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Figure 9. Piper Trilinear diagram of water samples from boreholes. 

5. CONCLUSION 

Based on total hardness classification, about 50% of the water samples taken from the study area 
fall to moderately hard, while classification based on TDS values shows that about 89% of the 
water samples are found to be permissible for drinking purpose. The distribution of the groundwater 
samples in the piper diagram reveals that all the groundwater samples fall under the Ca-Mg-HCO3 
and Ca-Mg-Na-HCO3 category. Generally, the conclusions drawn here regarding the suitability of 
groundwater is that the ranges of concentration of all the groundwater samples collected from 
Adigrat and its surrounding area are found within the standards limits set by World Health 
Organization and Ethiopian Water Quality Standard for drinking water purpose. 
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