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Abstract
Groundwater is the most important natural resource, and many people throughout the world rely on it for drinking, particularly
in rural areas. The evaluation of groundwater quality is necessary for the long-term usage of these resources. The purpose of
this study is to examine and simulate the groundwater quality status in Bahir Dar in order to determine whether the water is
suitable for the designated (drinking) use. During the dry (January, February, and March) and wet (June, July, and August)
seasons of 2019, twelve groundwater samples were taken at monthly intervals from open and tube shallow wells for extensive
physico-chemical and bacteriological examination. The primary objectives of this study were to (1) analyse an overview of
current groundwater quality, (2) to look at the spatial distribution of groundwater quality parameters as pH, turbidity, EC, TDS,
chloride (Cl−), nitrate (NO3

−), phosphate (PO4− 3), total hardness, and E. coli, and (3) to map the area's groundwater quality
map. The groundwater quality parameters were modelled using ArcGIS v10.1 software and the inverse distance weight (IDW)
interpolation technique. The �nal geographic modelling revealed that the city's core area had the poorest groundwater quality.
The water quality index (WQI) is a mathematical model that depicts the level of water quality. According to the WQI results,
41.67% of groundwater samples have low groundwater quality, 33.33% of groundwater samples have extremely poor
groundwater quality, and 25% of samples are unsafe for drinking. Anthropogenic activities have generally damaged the quality
of groundwater in the area, necessitating immediate mitigating actions.

1. Introduction
In both rural and urban settings, groundwater is a major and crucial natural resource used for domestic uses. In addition, it is
used for irrigation and industrial water supplies all over the world (Amadi et al. 2012). Because of the rapid rise of the
population and the quick speed of industrialisation, the demand for fresh water is always increasing (Tiwari et al. 2014). The
quality of ground water is signi�cantly affected by urbanization, which results in human interference in the natural system.

Human activities that introduce contaminants into the environment have a signi�cant impact on groundwater quality.
Groundwater availability and quality have been impacted by rapid urbanization, particularly in developing nations like
Ethiopia, due to overexploitation and inappropriate waste disposal, particularly in metropolitan areas (Ramakrishnaiah et al.
2009; Prasanth et al. 2012). Groundwater is the ecosystem's most essential natural resource, renewable but subject to natural
and anthropogenic in�uences. According to Khatri and Tyagi (2015); Babiker et al (2007), groundwater is one of the most
vulnerable natural resources, as it is susceptible to contamination from industrial e�uents as well as sewage created by
residential and commercial activity.

Groundwater in Ethiopia has been shown to be contaminated as a result of unregulated waste management, inadequate
sanitation, poor management, and fertilizer use, according to studies (Alemayehu 2001; Goshu and Akoma 2011). Bahir Dar
and its environs have become a focal point for industrial, urban, institutional, economic, and tourism development. Human
activities in and around Bahir Dar are increasing the amount of garbage dumped straight into open land �elds. The bulk of pit
latrines and septic tanks used by local people in the area are often poorly constructed, incorrectly maintained, and regularly
over�ow, posing a larger risk of in�ltration into groundwater.

In the area, there is relatively little research on groundwater quality state, its regular bias, and its impact on community health
and speci�ed purposes such as drinking, domestic, irrigation, and other industrial activities. As a result, this research was
carried out in order to provide the necessary data for determining the water quality state of groundwater as well as the key
contrasting element that restricts its suitability for the intended (drinking) purpose. Because it is very di�cult to repair
groundwater quality once it has been polluted by limiting pollutants at the source, it is critical to check the groundwater on a
frequent basis to protect its quality (Puri et al. 2015; Hasan et al. 2014; Akale et al. 2017). As a result, modelling and
monitoring the state of groundwater quality is critical for water management decision-making.

The Water Quality Index (WQI) is the most effective method for communicating information about water quality to concerned
stakeholders and policymakers, allowing them to take corrective and integrated measurements for the assessment of
groundwater appropriateness for most residential applications (Rajankar et al. 2011; Kumar et al. 2007; Avvannavar and
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Shrihari, 2008; Saleem 2016; Puri et al. 2015). It assesses groundwater quality using a simple mathematical equation that
converts large water quality parameter data into a single integer and gives a score that indicates groundwater quality status.
Similarly, Boateng et al (2016) and Akter et al (2016) studied WQI as a method for converting several water quality parameter
data into a single number and assessing the geographical and temporal quality of the tested water.

The most extensively used program for the assessment and management of natural and environmental resources, including
groundwater, is the Geographical Information System (GIS). It is the most widely used software for site suitability study,
calculating water availability, predicting groundwater sensitivity to pollution potential from nonpoint sources, and assisting in
the management of water resources (Singh and Khan 2011). A spatial groundwater quality distribution map is required to
monitor and evaluate the area of groundwater pollution and to show the level of contamination. Thus, a spatial analysis
extension of ArcGIS v10.1 aids in the interpolation of groundwater quality parameter spatial distribution maps at unknown
locations from known values by producing continuous surfaces, which aids in the understanding of water quality parameter
geographic distribution (Shabbir and Ahmad 2015; Sumathi and Natesan 2008). The most extensively utilized interpolation
techniques available in ArcGIS v10.1 software for the creation of water quality distribution maps are kriging and inverse
distance weight (IDW) (Johnston et al. 2001).

The primary goal of this research is to provide an overview of current groundwater quality and its suitability for the intended
(drinking) purpose, to model the spatial distribution of groundwater quality parameters and a groundwater quality index map
using GIS, and to show where the most unsuitable groundwater is located.

2. Material And Methods

2.1. Description of the Study Area
The research is being carried out at Bahir Dar, Ethiopia, which is located in the Amhara national regional state and is bordered
to the north by Lake Tana, which represents the source of the magni�cent Blue Nile River as seen in Fig. 1. The area is roughly
bounded by latitudes 11032'0" N and 11038'0" N, and longitudes 37020'0" E and 37027'40" E. The terrain is mostly �at, with a
few minor hills to the east and west. The city is believed to be 62.22 km2 in size, with an average height of 1795 meters above
sea level.

The temperature in the area is generally nice, with warm days and mild evenings. The average annual precipitation is 1037
mm, with 54% falling in July and August and only 3% falling during the four dry months. The average yearly temperature is
160c. Maximum temperatures are most common from March through May, and the average monthly maximum temperature
reaches 260c. Bahir Dar's soil type is represented by residual �ne soils, such as silt clay or clay soil. The prevailing soil color in
the research area is red, and no coarser soils can be detected in outcrops or deep-water well logs. As a result, permeability is
estimated to be between 1 x 10− 4 and 1 x 10− 5 md− 1. The underlying rocks, on the other hand, are worn and broken, and
hence have considerable permeability (Goshu and Akoma 2011).

2.2. Sampling Site and Sampling Design
A total of twelve (12) sampling stations from groundwater sources were chosen to examine the state of groundwater quality
depending on the location and magnitude of human in�uence. Ten (10) of the water sources analyzed come from shallow
wells, while two come from moderately deep wells. From January to March 2019, groundwater samples were collected once a
month and then again from June to August 2019. Table 1 shows the sampling station coordinates, which were calculated
using a Geographic Positioning System (GPS) with the designated model Aqua Probe 700.

2.3. Measurement of Groundwater Samples
Water samples were taken from shallow groundwater at several sampling locations in one (1) liter pre-cleaned tight-capped
polyethylene bottles, and the sampling container was washed (renised) twice or three times with distilled water or the water to
be sampled.
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The physicochemical and bacteriological properties of water quality were assessed in monthly samples obtained from
January to March 2019 and then again from June to August 2019. The container was then entirely �lled with the sampled
water, leaving no air space. Water for physicochemical and bacteriological analysis was collected in accordance with
international water and wastewater sampling procedures.

The groundwater source collection method was used on a regular basis; otherwise, the source should be cleansed continually
before sample. To remove all sediment, slime, and turbidity from hand pump sources, the water was pumped and wasted for
three to �ve minutes. The collected samples from each source were tagged and transported to the laboratory in an ice-box at a
low temperature before being analysed.

pH, turbidity, electrical conductivity (EC), total dissolved solid (TDS), chloride (Cl−), nitrate (NO3
−), phosphate (PO4− 3), total

hardness, and bacteriological analysis, including E. coli, were all measured in the samples. The pH, EC, and TDS were
measured in situ with an Aqua probe 700, whereas the ionic species (Cl−), dissolved ion species (NO3

− and PO4− 3) and total
hardness were determined in the laboratory with a Palin test 8000 spectrophotometer using the American Public Health
Association standard methods (APHA, 1998) During fecal coliform (E. coli) level testing, a 100 ml samples water was sucked
through a �lter using an electrically driven pump.

Table 1
GPS reading of sampling sites with brief descriptions

Station X Y Well location Well type Well depth (m)

W1 37024.89’ E 11036.37’N Kebele 11 Moderately deep 25

W2 37023.89’E 11035.93’N Poly Campus shallow hand dug 1.5

W3 37023.22’ E 11035.29’N kebele 4 shallow hand dug 3

W4 37023.00’E 11035.30’N kebele 15 shallow hand dug 6

W5 37023.02E 11035.66’N kebele 4 shallow hand dug 2

W6 37022.92’E 11035.50’N kebele 15 shallow hand dug 6

W7 37022.18’E 11035.12’N kebele 14 Moderately deep 25

W8 37022.31’E 11035.34’N kebele 16 shallow hand dug 8

W9 37022.18’E 11036.34’N kebele 13 shallow hand dug 4

W10 37021.75’E 11036.47’N kebele 13 shallow hand dug 4

W11 37023.38’E 11034.44’N Kebele 7 shallow hand dug 2

W12 37023.59’E 11032.47’N Waste dump site Spring 0.3

2.4. Methodologies Adopted for this Study

2.4.1. Geographical Information System (GIS)
For the particular examination of physico-chemical and bacteriological groundwater quality parameters, the study used
topographic sheets and the spatial analyst module in ArcGIS 10.1 software. For the creation of the water quality parameter
spatial distribution and water quality index map of the study region, the well locations were collected using a Geographic
Positioning System (GPS). For geographical modeling, inverse distance weight (IDW) interpolation techniques were utilized,
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and the values of water quality parameters were categorised according to (WHO 2008; WHO 2011) drinking water standards.
The WQI map was created by computing the point data at each station using GIS and IDW interpolation techniques.

2.4.2. Water Quality Index (WQI)
To assess the water quality rate of the measured groundwater and to provide insight into the degree to which water quality is
affected by anthropogenic activity, a desirable level or de�ned water quality parameters aim was utilized. As a result, eight (8)
water quality parameters were examined in the current study to determine the WQI rate: pH, turbidity, EC, TDS, chloride, nitrate,
phosphate, and total hardness. Three steeps were used to calculate the WQI of the measured groundwater, as formulated by
(Abdul et al. 2010). The �rst stage was to assign a weight (Wi) to each of the water quality metrics, such as PH, turbidity, EC,
TDS, chloride, nitrate, phosphate, and total hardness, based on their relative importance in the overall quality of groundwater
for drinking purposes, which ranged from 3 to 5 (Table 4). The highest weight of 5 is given to the water quality criterion if it
has a signi�cant impact on the water quality, while the lowest weight of 3 is given if it has no signi�cant impact on the water
quality.

Secondly, the relative weight (Wi) of each water quality parameter is calculated as shown in Eq. 1.

Wi = 
wi

∑ n
n =1wi

 (1)

Where Wi denotes relative weight, wi denotes the weight assigned to each water quality parameter, and n denotes the number
of parameters. Finally, the quality rating scale (qi) for each water quality parameter is calculated by multiplying the
concentration of each water quality parameter by its appropriate water quality standard (WHO 2011; WHO 2011) and then
multiplying by 100 as stated in Eq. 2.

qi = 
Vi−Vid
Si−Vid *100 (2)

Where qi is the ith water quality parameter's quality rating, Vi is the ith water quality parameter's measured value at a speci�c
sample location, and Si is the ith water quality parameter's standard value. In pure water, Vid is the optimal value of ith

parameter. Except for pH, which is 7, the optimum value for other parameters is zero.

Finally, using Eq. 3, the SIi is obtained for each physico-chemical water quality parameter before computing the WQI.

SIi = Wi * qi (3)

Where SIi is the sub-index of ith parameter whereas, qi is rating based on concentration of ith parameter.

Then WQI can be calculated using Eq. 4.

WQI = ∑ n
i=1SIi (4)

As shown in Table 2, the WQI rate classi�cation standard was used to calculate the groundwater quality status classi�cation
at each station (Sahu and Sikdar 2008; Ravikumar et al. 2013; Puri et al. 2015; Rabeiy 2018). Figure 2 shows a �owchart that
summarizes the proposed methodology for the current investigation.

[ ]
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Table 2
Water quality status classi�cation based on water quality

index

Water quality index range Water quality status

< 50 Excellent water quality

50–100 Good water quality

100.1–200 Poor water quality

200.1–300 Very poor water quality

> 300 Un�t for drinking

3. Result And Discussion
Table 4 summarizes the results of the physicochemical and bacteriological water quality analysis performed in this study. The
water quality results were compared to WHO and Ethiopian drinking water quality requirements using physico-chemical and
bacteriological analysis, as shown in Table 3.

Table 4 shows that the pH of all groundwater samples ranged between 7.21 and 7.31, with an average value of 7.27. This
implies that the groundwater remained somewhat alkaline in all test stations (con�rms surplus hydroxyl ions with a pH value
greater than 7). The presence of bi-carbonate content in the water, which is created by the free interaction of carbon di oxide
(CO2) with water to form carbonic acid, was largely connected with the modest high pH value in the research location (
Prasanth et al., 2012, Azeez et al. 2000 ). In essence, the pH geographical distribution depicted in Fig. 3.1(a) indicates that all
of the sampled stations had a pH value that was within a speci�c maximum acceptable limit as de�ned by (WHO 2011 and
MoH 2011) guidelines. The minor variation in pH, on the other hand, may not have a negative impact on human health.

Table 3
Drinking water quality standards

(Source: WHO 2008, WHO 2011, and MoH 2011)

Item No Parameter Unit Guide line

      WHO Ethiopian

1 pH   6.5–8.5 6.5–8.5

< 52 Turbidity NTU < 5

3 EC µS/cm 1000  

4 TDS mg/l 500 1000

5 Chloride ( Cl−) mg/l 250 250

6 Nitrate( NO3
−) mg/l 45 50

7 Phosphate( PO4 − 3) mg/l 0.02  

8 T.Hardnes mg/l 300 300

9 E. coli cfu/100ml 0 0
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As indicated in Table 4, the turbidity value of all sampled groundwater ranged from 1.96 NTU to 8.87 NTU, with an average
value of 4.63 NTU. The turbidity values at stations W2, W11, and W12 exceeded the acceptable limit set by the EPA (WHO
2011 and MoH 201). As a result, this study is an indication of light interference caused by the presence of suspended
particles, which is mostly caused by a wide range of suspended particles and is a sign of the presence of waste discharge in
the studied water body. Furthermore, the spatial distribution of turbidity shows that the largest concentrations of turbidity were
reported in the city's central and mid-Southern regions, as shown in Fig. 3.1. (b).

The electrical conductivity (EC) of the measured water varies greatly, ranging from 285 µS/cm to 1313.39 µS/cm with a mean
value of 652.11 µS/cm. As demonstrated in Table 4, the EC value in W11 exceeds the drinking water quality limit. The highest
value was observed in the mid-Southern section of the city, namely in W11 of the sample station, according to the EC
distribution given in Fig. 3.1(c). This study shows that inorganic dissolved solids like nitrate and phosphate, as well as the
geology of the area through which the water �ows, affect the EC of the water, indicating the presence of total dissolved solids.
Similarly, Vincy et al. (2015) and Wondie (2015) explored whether the greater EC in groundwater is related to increased
dissolved solids, and Meride and Ayenew (2016) investigated whether an increase in ion concentration in a water body can
improve the electrical conductivity of the water.

Table 4
The physico-chemical and bacteriological properties of groundwater in the study area.

Station pH Turbidity EC TDS Cl− NO3
− PO4 − 3 T. Hardness E. coli

  NTU µS/cm mg/l mg/l mg/l mg/l mg/l cfu/100ml

W1 7.29 1.96 285.00 185.33 16.33 6.24 0.30 83.94 5.00

W2 7.21 8.87 777.61 503.83 39.83 28.23 0.38 294.67 101.00

W3 7.29 4.97 816.31 398.41 52.14 32.36 0.53 161.63 102.00

W4 7.25 4.22 538.78 348.44 44.28 15.87 0.38 164.89 113.00

W5 7.30 3.38 465.61 303.72 87.22 17.32 0.26 110.72 92.00

W6 7.25 3.73 623.33 404.78 30.28 14.89 0.30 148.67 24.00

W7 7.26 3.78 393.06 254.94 23.44 16.91 0.27 125.39 52.00

W8 7.29 4.87 917.11 598.89 60.00 31.00 0.46 160.11 63.00

W9 7.25 3.53 620.78 404.61 45.72 17.30 0.32 121.50 42.00

W10 7.26 3.43 512.89 333.11 59.44 15.83 0.24 144.78 37.00

W11 7.29 5.55 1313.39 853.22 108.67 35.18 0.46 218.89 52.00

W12 7.31 7.32 561.50 357.89 106.13 36.20 0.41 157.22 44.00

Min 7.21 1.96 285.00 185.33 16.33 6.24 0.24 83.94 5.00

Max 7.31 8.87 1313.39 853.22 108.67 36.20 0.53 294.67 101.00

Average 7.27 4.63 652.11 412.27 56.12 22.28 0.36 157.70 61.00

SD 0.03 1.89 274.55 175.63 30.31 9.75 0.09 54.63 36.22

The total dissolved solid (TDS) content ranges from 185.33 to 853.22 mg/l at all measured stations, with an average value of
412.27 mg/l (Table 3). Figure 3.1(d) depicts the regional distribution of TDS concentrations. The greatest concentration was
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detected in W2, W8, and W11, as shown in Fig. 3.1(d), as a consequence of this analysis. The greater TDS concentration in the
area is mostly attributable to anthropogenic activities such as the leaching of domestic and institutional sewage. Similarly,
Prasanth et al. (2012) explored whether water mixed with residential sewage might percolate into the groundwater, resulting in
an increase in TDS concentration.

Chloride concentrations range from 16.33 mg/l to 108.67 mg/l at all measured sites, with an average of 56.12 mg/l (Table 4).
People with heart and kidney illness may be harmed by the high content of chloride in their drinking water (Saleem et al.
2016). However, according to the analysis results obtained from this study, the chloride concentration was within the
acceptable level (250 mg/l) for drinking purposes in all examined stations, as prescribed by WHO 2011 and MoH 2011
(Table 4). As indicated in Fig. 3.2(e), the largest concentrations were found in W11 and W12, which is related to the leaching of
domestic organic waste and detergents, as well as the leaching of animal manure near the sampling stations, fertilizers, and
septic tanks. Similarly, Prasanth et al (2012), Graham and Polizzotto (2013), Saleem et al (2016), and Rabeiy (2017) looked
into the possibility of chloride in groundwater being caused by domestic or municipal sewage.

The concentration of nitrate (NO3
−) in groundwater samples ranged from 6.24 mg/l to 36.2 mg/l, with an average of 22.28

mg/l (Table 4). Nitrate poisoning in drinking water can induce methaemoglobinemia or blue infants in babies, as well as
gastric cancer and effects on the central neurological and cardiovascular systems. As indicated in Fig. 3.2(f), the highest
concentrations of nitrate were found in W11 and W12, which is mostly attributable to the effects of poor sanitary conditions
and indiscriminate use of higher fertilizers, primarily animal dung, in the sampled area. Similarly, sewage, agricultural
fertilizers, and animal dung are the main sources of nitrate in the water body, according to Graham and Polizzotto (2013) and
Lawrence et al (2001). The content of dissolved nutrients of NO3− in all sampled locations, however, was within the legal level
for drinking purposes as indicated by the research (WHO 2011; MOH 2011).

Phosphate (PO4− 3) concentrations in examined groundwater stations ranged from 0.24 mg/l to 0.53 mg/l, with an average of
0.36 mg/l (Table 4). The concentrations of dissolved nutrients of PO4− 3 in all measured stations were widely spread across
the entire area, as indicated in Fig. 3.2(g), and were all above the drinking water quality level. The existence of anthropogenic
pollution activity in the area is primarily responsible for the higher phosphate concentration in the area. Similarly, higher
phosphate concentrations are linked to high sediment accumulation from fertilized agricultural land, grazing cattle feces, and
a high water table near the soil surface, all of which contribute to reduced soil conditions (Akale et al. 2014).

Water hardness is primarily induced by the presence of cations such as calcium and magnesium, as well as anions such as
chloride, bicarbonate, and carbonates in the water (Ravikumar et al. 2011). Total hardness concentrations in drinking water are
allowed to be between 150 and 300 mg/l, but anything higher might cause kidney and cardiac problems. However, overall
hardness concentrations in the research region ranged from 83.94 to 294.67 mg/l as CaCO3, with an average value of 157.70
mg/l as CaCO3 (Table 3). When compared to the norm 300 mg/l, the concentration of total hardness in all sampled
groundwater sites was clearly within the allowed limit for drinking water quality (Table 4).

The total hardness spatial distribution map (Fig. 3.2(h)) demonstrates that the bulk of the groundwater samples (50 percent)
fall into the hard water category. Groundwater with total hardness concentrations of 75, 75–150, 150–300, and > 300 mg/l are
classi�ed as soft, moderately hard, hard, and extremely hard, respectively, based on total hardness concentrations (Prasanth et
al. 2012).

E. coli is most commonly found in wastewater from poorly built sanitation facilities such as pit latrines and septic tanks
(Meride and Ayenew 2016; Graham and Polizzotto 2013; Lawrence et.al. 2001). During the rainy season, severe contamination
was seen due to wastewater seeping into shallow groundwater via preferential �ow routes that short-circuit the surface with
the groundwater. The highest level of E. coli in the area was detected in the central part of the city, which is likely produced by
wastewater created from institutional and commercial operations, according to the geographical distribution map of E. coli
(Fig. 3.3(i)). The bacteriological study in the area revealed that all twelve (12) sampling stations were quantitatively positive
for fecal coliform count. The number of fecal coliforms in each sample ranged from 5 to 113 colony/100ml (Table 4). The E.
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coli levels found in all of the investigated sites were compared to WHO (WHO 2008; WHO 2011) and Ethiopian drinking water
quality standards (MoH 2011). In all of the sampled seasons, the results showed that 100% of the wells were infected with E.
coli. This means the groundwater is contaminated and detrimental to people's health.

3.1. Water quality index (WQI) Analysis and Mapping
A water quality index (WQI) is a tool that is used to summarize a signi�cant quantity of data in a simple format for the
purposes of consistent water quality and public health management (Puri et al. 2015). To assess the current state of Bahir Dar
city groundwater quality, the Ethiopian (MoH 2013) and World Health Organization (WHO 2008; WHO 2011) drinking water
quality standards were considered �rst, followed by assigning a weight (Wi) to each physico-chemical water quality parameter
based on their perceived effect on public health (Saleem et al. 2016; Rabeiy 2018) as shown in Table 5. Because of their
relevance in assessing groundwater quality, TDS, chloride, and nitrate have been given a maximum weight of �ve (5)
(Srinivasamoorthy et al. 2008). Other water quality parameters, such as pH, turbidity, EC, phosphate, and total hardness, were
given a weight of three (3) based on their importance in determining water quality for drinking.

Second, as indicated in the methodology section, the relative weight of each groundwater quality parameter is evaluated using
Eq. 1 (Shabbir and Ahmad 2015). Table 5 shows the computed relative weights of each physico-chemical water quality
parameter.

Table 5
Standard, ideal value, weight and relative weight of each physico-chemical water quality parameter
Physico-chemical Parameter Standard value Idea value Weight(wi) Relative weight(Wi)

pH 8.5 7 3 0.100

Turbidity 5 0 3 0.100

EC 1000 0 3 0.100

TDS 500 0 5 0.167

Chloride 250 0 5 0.167

Nitrate 45 0 5 0.167

phosphate 0.02 0 3 0.100

Total hardness 300 0 3 0.100

      Σwi = 30 ΣWi = 1

Thirdly, the quality rating scale (qi) for each groundwater quality parameter is calculated by dividing the concentration of each
water quality parameter by its respective water quality standard and multiplying by 100, as described in the methodology
section. Table 6 shows the calculated quality rating scale (qi) for each physico-chemical water quality parameter for each
station.
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Table 6
The water quality rating scale for each physico-chemical water quality parameter at each station.

  Water quality rating

Parameter W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

pH 19.48 13.78 19.15 16.59 19.85 16.44 17.52 19.15 16.41 17.48 19.52 20.41

Turbidity 39.14 177.38 99.32 84.47 67.62 74.66 75.62 97.48 70.54 68.54 110.9 146.5

EC 28.5 77.76 81.63 53.88 46.56 62.33 39.31 91.71 62.08 51.29 131.3 56.15

TDS 37.07 100.77 79.68 69.69 60.74 80.96 50.99 119.8 80.92 66.62 170.6 71.58

Chloride 6.53 15.93 20.86 17.71 34.89 12.11 9.38 24.00 18.29 23.78 43.5 42.45

Nitrate 13.86 62.74 71.91 35.27 38.48 33.10 37.58 68.89 38.43 35.17 78.2 80.45

Phosphate 1494.4 1897 2647 1916 1283 1486 1352 2316 1580 1208 2300 2025

Total
hardness

27.98 98.22 53.88 54.96 36.91 49.56 41.80 53.37 40.50 48.26 73.00 52.41

Finally, as indicated in the methodology section, the sub-index of ith parameter (SIi) is derived to compute the WQI for each
physico-chemical water quality parameter. Table 7 shows the sub-index of the ith parameter that was produced in this study.

Table 7
The sub-index of each physico-chemical water quality parameter at each station

  Sub-index of each parameter at each station

Parameter W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

pH 1.95 1.38 1.92 1.66 1.99 1.64 1.75 1.91 1.64 1.75 1.95 2.04

Turbidity 3.91 17.74 9.93 8.45 6.76 7.47 7.56 9.75 7.05 6.85 11.09 14.65

EC 2.85 7.78 8.16 5.39 4.66 6.23 3.93 9.17 6.21 5.13 13.13 5.62

TDS 6.18 16.79 13.28 11.61 10.12 13.49 8.50 19.96 13.49 11.10 28.44 11.93

Chloride 1.09 2.66 3.48 2.95 5.81 2.02 1.56 4.0 3.05 3.96 7.24 7.08

Nitrate 2.31 10.46 11.9 5.88 6.41 5.52 6.26 11.48 6.41 5.86 13.03 13.41

Phosphate 149.4 189.7 264.7 191.7 128.3 148.6 135.28 231.7 158.1 120.8 230.0 202.5

Total
hardness

2.8 9.82 5.39 5.5 3.69 4.96 4.18 5.34 4.05 4.83 7.30 5.24

The WQI at each station were determined by summing the sub-index value of each physico-chemical water quality parameters.
The classi�cation of water quality status at each station were classi�ed by taking the standard water quality index bases
which is presented in Table 7.
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Table 7
The estimated WQI value at each station

Station X_Coordinate Y_Coordinate WQI rate Classi�cation

W1 37.415 11.606 170.53 Poor water quality

W2 37.398 11.599 256.34 Very poor water quality

W3 37.387 11.588 318.86 Un�t for drinking

W4 37.383 11.588 233.10 Very poor water quality

W5 37.384 11.594 167.78 Poor water quality

W6 37.382 11.592 189.94 Poor water quality

W7 37.370 11.585 169.03 Poor water quality

W8 37.372 11.589 300.28 Un�t for drinking

W9 37.370 11.606 200.95 Very poor water quality

W10 37.363 11.608 160.32 Poor water quality

W11 37.390 11.574 312.19 Un�t for drinking

W12 37.393 11.541 262.46 Very poor water quality

The results of this research (Table 7) revealed that 41.67 percent of sample stations have a low groundwater quality status,
33.33 percent have a very bad groundwater quality status, and the remaining 25% have groundwater that is unsafe for
consumption. The WQI spatial distribution map (Fig. 4) shows that three stations (W3, W8, and W11) in the center and mid-
Southern areas of the city are deemed to be un�t for drinking purposes, and the rest stations have water quality indexes
ranging from bad to extremely poor. In general, the quality of the city's groundwater deteriorates in the central and mid-
Southern areas.

4. Conclusion
In the present study, an attempt was made to assess and model the groundwater quality of Bahir Dar city which is found in the
northern part of Ethiopia. The study evaluated the physico-chemical and bacteriological groundwater quality characteristics
for the designated (drinking) water use. For the analysis of spatial patterns of groundwater quality, GIS and WQI has been
applied.

The spatial distribution of each physico-chemical and bacteriological map showed that the highest concentration are found in
the central and mid-Southern regions of the surveyed �eld. Particularly turbidity, EC, TDS, phosphate and E. coli concentration
in the central and mid-Southern regions were found beyond the drinking water quality standard. These highly polluted regions
were located in the areas where higher groundwater table was available and this is mainly due to seepage of wastewater to
the shallow groundwater from improperly constructed and designed sanitation facilities, animal dung from animal breeding
area and due to the seepage of fertilizers from agricultural area. Moreover, the evaluation of groundwater quality status using
WQI showed that 41.67% of sampling stations has poor groundwater quality, 33.33% of the sampling stations has very poor
groundwater quality whereas the remaining 25% of the sampling stations has un�t groundwater quality for drinking purpose.

In general, the groundwater quality in the area is affected by both point and non-point source of pollutants and hence,
managing the wastewater (sewage) disposal system and constructing the municipal wastewater and storm water treatment
plants are the key issues to prevent the groundwater quality from pollution.
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Figures

Figure 1

Location map of the study area
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Figure 2

General �owchart of methodology adopted for the study
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Figure 3

3.1 Spatial distribution of pH, turbidity, EC, and TDS

3.2 Spatial distribution of chloride, nitrate, phosphate and total hardness

3.3. The spatial distribution map of E. coli
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Figure 4

Spatial distribution map of water quality index


