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Abstract 

The Ethiopian Rift Valley (ERV), which is characterized by arid and semi-arid climate, groundwater is the most 

important water resource used for drinking and irrigation purposes. However, in the region people are suffering from 

severe water scarcity exacerbated by climate effect. Besides water availability, endemic water quality issues are critical 

and affect the suitability of the water and human health risks. The present study evaluates the suitability of groundwater 

for drinking and agricultural purposes in the Ziway Lake Basin (ZLB) of the ERV. Groundwater used for drinking 

contains multiple inorganic contaminants in levels that surpass the World Health Organization recommended limits. 

The most frequent of these violations were for Na+, K+, HCO3
-, F- and few samples for Mn, As, U, Pb and Mo. The 

modeled Drinking Water Quality Index (DWQI) values of the groundwater show wide variation ranging from 12.7 

(Excellent category) to 714 (Unsuitable category) with mean value of 94. Likewise, Irrigation Water Quality Index 

(IWQI) computed by considering EC, SAR, Na%, RSC and PI of the groundwater vary from 13.2 to 520 with mean 

value of 106. Both DWQI and IWQI value suggest that groundwater is generally of Excellent quality for drinking and 

irrigation use in the headwater regions of the ZLB and progressively becomes extremely Unsuitable towards the rift 

floor. The exceptionally high DWQI values to the west of Lake Ziway is mainly associated with the co-occurrence of 

multiple toxic elements from a groundwater from the Quaternary sediments and rhyolitic volcanic aquifers.  
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1. Introduction  

Groundwater represents more than 90% of the world’s readily available freshwater resources (Boswinkel 2000) and 

has a vital role in supporting the life of mankind (WRI, UNEP, UNDP, World Bank 1998). As groundwater is less 

vulnerable to contamination than surface water and provides a buffer against climate change, it has been increasingly 

used as water source for human consumption, irrigation, and industrial water supply (Wada et al. 2014). However, 

getting enough water with the required quality to satisfy the demand for various purposes is one of the major challenges 

in the 21st century (Amangabara and Ejenma 2012; Fienen and Arshad 2016).  

The Ethiopian Rift Valley (ERV), a volcano-tectonically active part of the East African Rift system, provides an 

example of the challenges to water supply posed by groundwater quality. The ERV is about 1000 km long and 70–80 

km wide, bordered by large and discontinuous normal fault systems (WoldeGabriel et al. 2000). As the rift margins 

are 2,000–3,000 m above the rift floor, the rainfall within the region is highly variable both in space and time. As a 

result, the available surface water resources are unreliable and not sufficient to fully support the sharply increasing 

population and socio-economic development in the region. Consequently, groundwater becomes the only dependable 

water resource for community water supply especially for the people residing in the semi-arid to arid section of the 

ERV. However, groundwater of the ERV has a significant water quality problem and does not comply with the 

established drinking water quality norms (Tekle-Haimanot et al. 1987; Tekle-Haimanot 1990; Kloos and Tekle-

Haimanot 1999; Reimann et al. 2003). Several researchers (Chernet 1982; Darling et al. 1996; Ayenew 1998; Gizaw 

1996; Yirgu et al. 1999; Chernet et al. 2001; Reimann et al. 2003; Tekle-Haimanot et al. 2006; Rango et al. 2010) 

noted that high salinity and fluoride levels appear to be the most widespread causes of water quality degradation in 

the region. According to Kassa (2007), the majority (80%) of groundwater well failures and abandonment in the 

central ERV are linked to these causes. The poor water quality in the region seems to be linked to the mobilization of 

contaminants naturally occurring in the volcanic rocks and lacustrine sediments and thus the enrichment of 

groundwater, e.g. with toxic elements (As, U, Mo and B), as it flows from rift escarpments to rift valley floor (UNDP 

1973; Darling et al. 1996; Gizaw 1996; Rango et al. 2009, 2010, 2013).  

Elevated geothermal gradients and emergence of mantle gases (e.g., CO2) escaping through fault zones are very 

common and enhance silicate weathering (Darling et al. 1996; Mechal et al. 2017), further facilitating the release of 

major and trace elements. As a result, the tolerance limit of these elements is often exceeded in drinking water, and 

over 13 million people living in the ERV are at risk from continuous exposure to high levels of multiple naturally 

occurring toxic chemical elements in the groundwater they consume (Reimann et al. 2003; Rango et al. 2012). 

Therefore, it is of great concern to assess the quality of groundwater for human consumption and health risks as well 

as for sustainable economic development, particularly its suitability to agricultural production (irrigation). 

Several hydrochemical studies (e.g., Reimann et al. 2003; Kebede et al. 2010; Rango et al. 2009, 2010, 2013) have 

attempted to assess the groundwater water quality by comparing individual water quality parameters with standard 

values based on their uses. However, this type of assessment is not capable of providing a comprehensive picture of 

groundwater quality especially when there is a co-occurrence of multiple water quality degraders for decision-makers 

who require concise information. Moreover, the existing studies were mainly based on data points focused on the rift 
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axis and very little information is available about the extension of water quality problems in the areas towards to the 

escarpment of the rift. As a result, the groundwater of ERV is crudely considered as unfit for any purposes. It thus is 

essential to assess the overall water quality status at basin wide scale to identify the most suitable areas for the 

development of groundwater resources for desired purposes. 

Analyses of surface and groundwater chemistry have been widely used to determine the water quality status. Water 

Quality Indexes (WQIs), based on the chemical composition of the water, are efficient techniques to determine the 

overall water quality by aggregating several water quality parameters into a single number that helps managers and 

decision makers (Gebrehiwot et al. 2011;Rajankar et al. 2010; Ravikumar et al. 2013; Ocampo-Duque et al. 2006; 

Sutadian et al. 2016). Nowadays, several types WQIs have been formulated and, in particular, used to determine the 

suitability of groundwater for drinking purposes (Drinking Water Quality Index, DWQI) by many authors (Babiker et 

al. 2007; Singh and Khan 2011; Selvam et al. 2013; Sutadian et al. 2016; Boateng et al. 2016; RamyaPriya and Elango 

2018).  

The hydrochemical constituents of irrigation waters can have negative impacts on crop production and soil fertility 

(e.g., Singh et al. 2018). The projected results of IPCC (2013) suggest that the combined increase in evaporation and 

variability in rainfall over ERV due to global warming might lead to stress in surface water availability and quality. 

As a result, groundwater can potentially substitute for unreliable surface water supplies for irrigation, especially under 

climate change, and thus evaluation of the groundwater suitability for agricultural purposes is essential for future use 

of the water resource. There are many hydrochemical indices used to study the quality of water for irrigation (e.g., 

Abbasnia et al. 2018; RamyaPriya and Elango 2018): Electrical Conductivity (EC), Sodium Percentage (Na %), 

Sodium Adsorption Ratio (SAR), Residual Sodium Carbonate (RSC), Permeability Index (PI), and Irrigation Water 

Quality Index (IWQI).  

To enhance the understanding of the spatial variability of water quality and support the identification of groundwater 

resources suitable for drinking or irrigation purposes within the ERV, this work examines the example of Ziway Lake 

Basin (ZLB). The prime objective of this research is to: (1) assess the spatial distribution of major and trace element 

concentrations in the groundwater, (2) evaluate the suitability of groundwater for drinking and agricultural purposes, 

and (3) finally develop water quality maps of ZLB that will help for easy identification of areas for remediation and 

development of the groundwater resource. 

2. Study area  

2.1. Location, physiography and climate 

The study area, ZLB, lies in the northern sector of ERV with an aerial extent of 7,291 km2, out of which 430 km2 is 

covered by Lake Ziway (Fig. 1). Geographically, it is bounded between 7.360 – 8.470 N latitude and 38.220 – 38.40 E 

longitude. 

In the ZLB, two prominent physiography regions exist, namely: the rift floor (<2,000 meter above sea level (m a.s.l.)) 

and the adjoining escarpments (2,000 – 4,181 m a.s.l.). Although, the altitude shows wide ranges, about 60% of the 

basin area belongs to the rift floor while the remaining 40% belongs to the bordering escarpment on either side of the 



rift floor. Lake Ziway occupies the center of the rift floor and is fed by the two major rivers Ketar and Meki originating 

from the Eastern and Western flanks of the rift escarpments, respectively (Fig.1). 

The climate of ZLB varies greatly from semi-arid in the rift floor to humid in the bordering escarpment. The long term 

(1981–2010) average annual rainfall of the study area is estimated to be 880 mm/year (Frdisa 2019). Nevertheless, in 

the escarpment bounding the rift floor precipitation surpasses 1,200 mm/year, whereas at the lowest altitude in the rift 

floor rainfall is frequently below 625 mm/year. Mean monthly temperature varies from 21.8 0C in the rift floor to less 

than 13.5 0C in the adjoining escarpments. The strong spatial variability of rainfall and temperature thus is explained 

by large differences in elevation. 

2.1.1. Geological and hydrogeological setting  

Being located in the heart of ERV, the geological setup of the study area, ZLB, is the result of different series of 

volcanic eruptions accompanied by tectonic events and denudation processes. The volcanic series and geological 

structures of the ERV have been extensively explored (Mohr 1962; Di Paola 1972; Merla et al. 1979; Kazmin et al. 

1980; Woldegabriel et al. 1990; Di Paola et al. 1993; Boccaletti et al. 1998; Halcrow 2008; Dainelli et al. 2001; 

Benvenuti et al. 2002). Broadly, the outcropping lithology of the area can be subdivided into three major groups: 

Precambrian and Mesozoic sedimentary rocks, Volcanites and volcano-clastic rocks, and Quaternary Sedimentary 

deposits. 

The Precambrian and Mesozoic sedimentary rocks cover very limited area in the northwestern part of the study area. 

They comprise Precambrian biotite gneiss overlain by layers of Mesozoic sedimentary successions (sandstones, 

shales, marls, and limestones). A large part of the ZLB is occupied by a variety of volcanic rocks in association with 

volcano–clastic sedimentary deposits. The adjacent escarpments comprise basaltic lava flows with inter-layered 

rhyolitic ignimbrite and tuff horizons. On the eastern side, these rock units are underlain by shield volcanoes 

comprising of mainly trachytes with subordinate basalts and phonolites. Most parts of the rift floor are covered by 

silicic pyroclastic materials mainly consisting of peralkaline rhyolitic ignimbrites, poorly welded ignimbrites, and 

pumice fall with minor basaltic lava flows. Overlying the rift volcanic series, recent Quaternary sediments occupy the 

lake margins. The volcanic rocks and sediments of the ZLB have undergone extensive faulting resulting from the 

prevailing tectonic activity (Fig. 1).  

As can be understood from the geological map (Fig.1), the hydrogeology of the study area is highly heterogeneous as 

a result of variability in lithologic units and structures. Despite the complexity in lithology, the rock units can be 

grouped in to three major hydrostratigraphic units: Quaternary sediments, fractured and weathered volcanics, and 

volcanics with low permeability (Ayenew 1998; OWWDSE 2016).  

The Quaternary sediments are highly permeable and thick (>30m) in the rift floor; whereas in the steep scarps of the 

escarpments, the sediments are almost nonexistent and of low permeability. The fractured and weathered volcanic 

units form the major regional aquifer system. These units include basalt, ignimbrite and in some places rhyolites with 

varying permeability that generally increases towards the rift floor due to the increasing intensity of fracturing. 



Volcanics mainly comprising highly welded ignimbrites, tuff, rhyolite and trachyte with very low permeability occupy 

large parts of eastern and western mountainous regions.  

In the study area, groundwater generally flows to the rift center from the adjacent escarpments indicating a topographic 

driven process at regional and sub-regional scale (Ayenew 1998; Ayenew et al. 2008, 2009). As a result, the rift floor 

is considered as regional discharge area where perennial rivers, lake and springs exist. However, locally in the rift 

floor, groundwater flow is strongly influenced by geological structures manifested by wetlands, swamps, and thermal 

springs emerging from active faults.  

2.1.2. Groundwater use  

In ZLB, groundwater is used for different purposes, with the largest proportion going toward for human consumption. 

Groundwater provides drinking water for almost entire population in the region as surface water resources such as 

rivers and lakes nearby the community are seasonal and usually carry higher pathogenic risks due to fecal 

contamination. Groundwater sources for drinking use ranges from springs to deep wells. However, many groundwater 

wells are contaminated with high levels of fluoride and other naturally occurring toxic trace elements (As, U, Mo, and 

B) (Reimann et al. 2003; Rango et al. 2009, 2010). Major towns in the region are receiving somewhat treated water 

from rivers and high discharge springs (fresh water). In contrast, the vast rural community largely rely on untreated 

groundwater wells and experiencing dental fluorosis and skeletal fluorosis due to long time exposure of fluoride 

contaminated groundwater with clearly unknown health impacts of other toxic trace elements (Rango et al. 2012, 

2014, 2017).  

Agriculture activities are the main source of income for the majority of people living in the study areas; and hence, 

the overall economic growth of these areas is highly dependent on the success of the agriculture sector. Alongside 

surface water resource such as Meki and Katar rivers and Ziway lake, groundwater is also used in the region by small 

scale agro-industries, commercial irrigation, and floriculture farms. Irrigation is mainly sustained by surface water, 

but less than one quarter of the irrigated areas depend on groundwater (Rodriguez de Francisco 2008; Pascual-Ferrer 

et al. 2014). Agricultural practice in the region is highly tied with the unreliable wet season of a year. During the last 

years, irrigation agriculture has increased rapidly in the study areas using shallow and deep groundwater wells 

especially in the rift floor. But the exploitation of groundwater for irrigation use is highly hampered by high salinity 

(e.g., Na, Cl and B) (Rango et al. 2010, 2012).  

Apart from the above mentioned uses, groundwater has immense importance for the existence of rift lakes and 

wetlands. According to local water agencies working in the areas of water resource development, there is high pressure 

on the water resource utilization in the study areas; especially, in case of drinking water supply and irrigation water 

utilization during dry seasons. This and related reasons have brought conflicts among community members in different 

parts of the study area (WWDSE 2016). To satisfy the demands of different groups and support economic development 

of water resources, further detailed water quality mapping specifically considering those parameters that are relevant 

for different purposes is needed.  



Possible site for Fig. 1  

3. Materials and methods 

3.1. Water sampling and analysis 

Groundwater samples were collected systematically along NE–SW and E–W transects representing the major 

physiographic regions of ZLB. Accordingly, 55 representative groundwater samples from springs (10) and wells (45) 

were collected during the transition period between wet and dry season (November to December) of 2018. The 

sampling depth of the groundwater in wells generally increase from a few meters (27m) below the ground surface in 

the mountainous escarpments towards the center of the rift with maximum depth of 300m. The locations of the 

sampling sites are presented in Fig.1.  

During sample collection, inactive wells had been pumped for about 10-20 minutes to remove the standing water 

column in the well to make sure sampling of fresh groundwater and the samples were collected while pumping. Springs 

were sampled at their emerging place using a plastic syringe. All water samples were filtered with 0.45-μm filter 

membrane and kept in clean and dry 100 ml standard double caped HDPE plastic bottles. The water samples for cation 

and trace element analyses were acidified with ultra-pure 6N HNO3 to prevent precipitation / adsorption during 

storage. Field-based water parameters such as temperature, pH, Total Dissolved Solids (TDS), and Electrical 

Conductivity (EC) were measured onsite. 

Both major and trace elements analyses were carried out in the Institute of Geology and Geophysics laboratory, 

Chinese Academy of Sciences, Beijing China. Major ions (Na, K, Ca, Mg, F, SO4, NO3, and Cl) were analyzed by ion 

chromatography using a Dionex DX-120 equipment. Samples with high Na+ (>75 mg/l) concentrations were diluted 

to avoid oversaturation. Titration techniques were used to analyze total alkalinity (HCO3). Arsenic (As) was analyzed 

by LC- 6500 atomic fluorescence photometer. Other trace elements (Li, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, 

Rb, Mo, Cd, Sb, Ba, Pb, Bi, U, and Sr) were measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

using NexION300D ICP/MS equipment. During the trace element analysis, a blank and two water standards were run 

at the start and end of the analyses. Measurement uncertainties for all parameters were evaluated and controlled using 

regular laboratory duplicates of samples and verifying the precision/calibration of the instruments through regular runs 

of various primary standard solutions.  

3.2. Drinking Water Quality Index (DWQI)  

DWQI presents the overall picture of water quality status for drinking purposes (Amiri et al. 2016; Herojeet et al. 

2016; Darvishi et al. 2016). It converts selected water quality parameters into a single dimensionless number so that 

the water quality of different sources and sites can be evaluated and compared. The calculation procedure was 

described in detail by many researchers (e.g., Brown et al. 1972; Saeedi et al. 2010; Abbasi and Abbasi 2012) and 

generally involves four steps (Sutadian et al. 2016). In the first step, the water quality parameters to be included in the 

DWQI calculation are selected. Here, thirty five water quality parameters were analyzed. However, only 16 parameters 

(pH, EC, Ca, Mg, Na, K, HCO3, Cl, SO4, NO3, F, As, Mn, Mo, U, and Pb) that have great influence on water quality 

for drinking purpose were considered (Table 1).  



Possible site for Table 1  

 

In the second step, each of the chemical parameters was assigned a weight (AWi). Unequal weight (Brown et al. 1970) 

was assigned based on their relative importance in the overall quality of water for drinking uses (Table 1). The assigned 

weight ranges from 1 to 5. The highest weight of 5 was assigned to parameters which have the major effects on 

drinking water quality (F, As, and NO3) and a minimum of 1 was assigned to parameters (K) which are considered as 

not harmful (Srinivasamoorthy et al. 2008; Vasanthavigar et al. 2010). Other parameters were assigned a weight 

between 1 and 5 based on their importance in the overall quality of water for drinking uses (Table 1; Ketata-Rokbani 

et al. 2011). Finally, the Relative Weight (RW) of each parameter was calculated:  

                                                                            𝑅𝑊 = 𝐴𝑊𝑖∑ 𝐴𝑊𝑖𝑛1                                                                                      (1) 

where AWi is the Assigned Weight of each parameter, n is the number of parameters and RW is the Relative 

Weight. The Assigned Weight (AW) and the calculated Relative Weight (RW) values are presented in Table 1. 

In the third step, a quality rating scale (Qi) is calculated for each parameter: 

                                                                          𝑄𝑖 = [𝐶𝑖𝑆𝑖] ∗ 100                                                                                (2)                                

where Qi is the quality ranking, Ci is the concentration of each parameter in individual water sample in mg/l and Si is 

the WHO standard for each parameter in mg/l (Table 1).  

Finally, in the fourth step, after the water quality sub-index SIi was obtained by multiplying the quality grade by the 

RW of each parameter (Eq. (3)), the integrated DWQI was obtained by totaling all the sub-indices (Eq. (4)).  

                                                                          𝑆𝐼𝑖 = 𝑅𝑊 ∗ 𝑄𝑖                                                                                     (3) 

                                                                             𝐷𝑊𝑄𝐼 = ∑ 𝑆𝐼𝑖𝑛𝑖=1                                                                             (4) 

3.3 Irrigation water quality  

The quality of irrigation water has a substantial impact on the soil salinity, growth, and yield of agricultural products.  

In general, water applied for irrigation always contains different concentrations of dissolved constituents originating 

through natural (rainfall, weathering, and dissolution of rocks and soils) and anthropogenic (domestic and industrial) 

processes (Jarvie et. al. 1998). Therefore, the quality of the irrigation water needs to be assessed to avoid or reduce 

adverse impacts on agriculture (Mohammed 2011). The irrigation suitability of the groundwater was tested based on 

SAR in association with EC values, Na %, RSC, and PI as calculated by the following formulas (Table 2).  

In addition to the above indices, IWQI was computed to determine the overall suitability of the groundwater for 

irrigation based on several water quality parameters (Table 3). IWQI concept was primarily developed and introduced 

by Meireles et al. (2010) and later used by several authors (e.g., Abbasnia et al. 2018). However, in this study, IWQI 

model used by RamyaPriya and Elango (2018) which is similar to the assessment procedure applied in DWQI. Five 



parameters including EC, SAR, Na (%), RSC, and PI, which dominantly influence the water quality for irrigation 

purpose were considered for computing IWQI. The IWQI was calculated using Eq. (5). 

                                                          𝐼𝑊𝑄𝐼 = ∑ 𝑅𝑊𝑛 ∗ 𝑄𝑛𝑛𝐼=1                                                                                      (5) 

where RWn =Relative Weight of the nth parameter, Qn = sub-index of the corresponding parameter. The Assigned 

weights and sub-index of all the parameters computed and used are summarized in Table 3. 

Possible site for Table 2 

Possible site for Table 3 

4. Result and discussions  

4.1. Hydrochemistry and drinking water quality assessment   

4.1.1. Field-based parameters and major ions  

The analytical results of the physico-chemical parameters were statistically examined to provide the general chemical 

characteristics of the groundwater. Table 4 presents the minimum, maximum, mean, and the standard deviation for 

each variable. The permitted limits for drinking water set by WHO (2011) was included. For some elements that are 

not addressed by the guideline WHO (2011), US EPA (2003) was used for comparison purpose. 

Possible site for Table 4 

 
Field-based variables such as temperature, pH, TDS, and EC of the groundwater show wide variability across the 

basin; however, a clear spatial pattern is observed from the escarpment towards the rift floor (Table 4; Fig. 2 (a-d)). 

The temperature of the groundwater varied from 14.3 to 60.7°C. The pH of the groundwater varied from slightly acidic 

to slightly alkaline, ranging from 6.17 to 8.8. TDS of the groundwater varied between 25 and 4,725 mg/l; whereas EC 

ranged from 38.75 to 6,300 μS/cm. In general, temperature, pH, TDS, and EC of the groundwater show a steady 

increase from the escarpment to the rift floor (Fig. 2 (a-d)) with local anomalies associated to thermal waters. This is 

attributed to strong water–rock interaction along the groundwater flow direction assisted by high geothermal gradient 

prevailing in the area (Darling et al. 1996; Gizaw 1996; Mechal et al. 2017). 

Water samples collected from high altitudes (Western and Eastern escarpments) are characterized by low TDS and 

EC fully complying with the WHO (2011) drinking water quality guideline (Fig.2(c-d)). The high rainfall rate in the 

escarpment plays a main role in keeping the TDS and EC signature of the groundwater below the permissible value. 

However, in the rift floor more than 50% of the groundwater samples depicts high TDS and EC surpassing the 

permissible limit and are not suitable for drinking purposes. Almost all groundwater samples exhibited a pH value 

within the tolerable limit of 6.5–8.5 (WHO 2011), except a few acidic and alkaline groundwater samples situated in 

the upper escarpments and rift floor, respectively.  

Possible site for Fig. 2 (a–d)  



Unlike the field measured parameters, the main dissolved ions show a wide variability across the basin (Table 4; Fig 

3(a-h)). The variation in cation concentrations is more evident than that of anions. Mg2+ ranged from below detection 

limit (bdl) to 33.4 mg/l with mean value of 7.3 mg/l. On the other hand, Ca2+ concentration varied from 0.5 to 113.8 

mg/l with an average value of 28.9 mg/l. Due to the weathering of olivine and pyroxene minerals in the source rocks 

(basalt), Ca2+ and Mg2+ are relatively predominant in the aquifers of the upper escarpment but gradually drop towards 

the rift floor. Both Ca2+ and Mg2+ concentration in the groundwater are within the permissible limit in the majority of 

the study area (Fig. 3(a, b)). On the contrary to Ca2+ and Mg2+, Na+ and K+ exhibit positive trends from the escarpment 

to the rift floor (Fig 3 (c, d)). The Na+ content ranged between 2.3 to 858 mg/l with an average value of 133.6 mg/l. 

Na+ is the dominant cation, but highly variable as characterized by the standard deviation being larger than the mean 

value (Table 4). Twenty-five percent of the groundwater samples had high level of Na+ crossing the tolerable limit in 

drinking water (>200 mg/l). Similarly, the K+ content varied between 0.66 and 152 mg/l with an average value of 16.7 

mg/l. According to WHO (2011), 42 % of the groundwater samples exceed the allowable limit (12 mg/l). These 

groundwater samples exceeding the allowable limit for Na+ and K+ are located in the rift floor (Fig. 3(c, d)), suggesting 

that the groundwater in elevated (>2000 m a.s.l.) regions satisfies the WHO guideline and is suitable for drinking 

purposes. 

Anions dominances of the groundwater were observed as HCO3
−> Cl− >SO4

2− >NO3
− (Table 1; Fig 3(e-h)). The HCO3

- 

content varied from 43.6 to 2,547 mg/l with an average value of 433 mg/l. Bicarbonate is the dominant anion 

characterized by an increasing trend from the escarpment towards the rift floor, which corresponds to the increase in 

Na+ and K+. In the majority of the study area (85.5% of the samples), the HCO3
− values exceed the desirable limit of 

120 mg/l set by WHO (2011). As there is no source rock in the study area, the Cl- and SO4
2− content is quite low and 

below the WHO (2011) guideline value of 250 mg/l (Table 1; Fig 3 (f, g)). In the study area, the content of NO3
- varied 

from bdl to 41.1 mg/l with an average value 25.3 mg/l. The relatively higher content of NO3
- in the rift floor is 

associated with agricultural and other anthropogenic activities that contribute to the contamination of groundwater. 

However, the concentration of NO3
- in all water samples is below the permissible limit (WHO 2011) of 50 mg/l 

throughout the basin (Fig. 3 (h)). 

In the studied region, the concentrations of F− ranged from bdl to 40 mg/l, with a mean of 3.4 mg/l (Table 1). It has 

been found that 24 (44%) out of 55 water samples had F− above the allowable limit (1.5 mg/l) (Table 1). Though F− at 

optimum concentration is beneficial for the human body (Brunt et al. 2004; Mjengera, and Mkongo 2003; Firempong 

et al. 2013), drinking water with F− levels greater than 1.5 mg/l causes adverse human health effects (Feenstra et al. 

2007; Peter 2009). High F−concentration is one of the major water quality problems affecting people residing in ERV 

including the study area (Tekle-Haimanot et al. 1987; Gizaw 1996; Kloos and Tekle-Haimanot 1999; Reimann et al. 

2003; Rango et al. 2009; Mesele and Mechal 2020). 

Possible site for Fig. 3 (a–h)  

Fig. 4 portrays the spatial distribution of the F− concentration in groundwater across the basin showing a general 

increase from both Western and Eastern escarpment towards the rift floor. The escarpment shows low F− concentration 



satisfying the WHO water quality standard (<1.5 mg/l). This suggests that the escarpment groundwaters are a safe 

source of water for drinking use. On the contrary, all the fluoride-rich groundwater in the study area crossing the 

threshold value is found in the rift floor. In the rift floor, F− is a major water quality degrader, especially for those 

communities living west and south of Lake Ziway, where F− reaches 40 mg/l (Fig. 4). Millions of people have been 

forced to use these water sources for prolonged period and as a result both dental and skeletal fluorosis are very 

common in the area (Rango et al. 2020).   

Possible site for Fig. 4 

4.1.2 Hydrochemical facies and controlling processes 

The hydrochemical facies of groundwater in ZLB were identified by plotting the concentrations of major ions in the 

piper plot (Piper 1964; Fig. 5). Three distinct hydrochemical facies (Ca/Mg–HCO3, Na/Ca–HCO3, and Na–HCO3) 

were identified across the study area. The headwater of ZLB, Western and Eastern escarpments, show a weakly 

mineralized Ca/Mg–HCO3 hydrochemical facies. On the other hand, rift floor groundwater including thermal 

groundwater exhibits a highly mineralized Na–HCO3 hydrochemical facies with Na+ and HCO3
- strong dominance 

over the other ionic species. Na/Ca–HCO3
 hydrochemical facies were the mixture of the two extreme hydrochemical 

facies occupying the transition zone and shallow groundwater in the rift floor. In summary, groundwater systematically 

evolves from a Ca/Mg–HCO3 to Ca/Na–HCO3 and lastly to Na–HCO3 hydrochemical facies along the groundwater 

flow direction from the escarpments to the center of the rift floor.  

 

Possible site for Fig. 5  

Different hydrochemical processes can be involved during the hydrochemical evolution of groundwater along the 

groundwater flow path across the study area. To identify the major hydrochemical processes responsible for the 

evolution, the most widely used Gibbs diagram (Gibbs 1970) was constructed. As shown in Fig. 6, almost all 

groundwater samples fall in the rock-water interaction zone suggesting weathering of rock-forming minerals as the 

origin of the dissolved ions.  

Possible site for Fig.6  

Among different water-rock interactions in silicate-dominated lithological classes, silicate weathering is one of the 

major hydrochemical processes governing groundwater chemistry (Garrels and Mackenzie 1967; Freeze and Cherry 

1979). According to Rajmohan and Elango (2004) and Kumar et al. (2006), the importance of silicate weathering can 

be recognized by studying the scatter plots of total cations (TZ+) versus (Ca2+ + Mg2+) and (Na+ + K+). As illustrated 

in Fig. 7(a), all escarpments and some rift floor groundwater samples linearly spread between 1:2 and 1:1 lines 

suggesting Ca2+ and Mg2+ have originated from the weathering of basaltic aquifers. Likewise, the plot of TZ+ and (Na+ 

+ K+) shows the majority of the groundwater samples are plotted above the 1:1 line indicating acidic rock weathering 

is the key hydrochemical processes which adds Na+ and K+ to the groundwater. From these results, it can be inferred 

that silicate weathering is the prime sources of Na+, Ca2+, Mg2+, K+ and the balancing HCO3
- into the groundwater in 

the study area. The exceptionally high Na+ and HCO3
- content in some of rift floor and thermal groundwater samples 



is probably related to silicate weathering aided by the uptake of mantle CO2 leaking through deep-seated faults in 

addition to the ordinary soil CO2 (Darling et al. 1996; Gizaw 1996; Mechal et al. 2017).  

Possible site for Fig.7 

The dominance of Na–HCO3 hydrochemical facies in the rift floor aquifers, cannot only be explained by silicate 

weathering. Besides silicate weathering, cation exchange might have an effect on groundwater chemistry as observed 

in similar geological setting (Li et al. 2013; Wu and Sun 2016). To assess the involvement of cation exchange reactions 

in ZLB, the two Chloro‐Alkaline Indices (CAIs), CAI – I and CAI – II were applied as recommended by Schoeller 

(1965) These two indices are expressed as Equations (5) and (6) (the concentration of  the ions are expressed in 

meq/l).   

CAI – I = Cl- – (Na + K) / Cl …………………………………………………………………...…..………...…… (5) 

CAI – II = Cl- – (Na + K) / (SO4
2- + HCO3

-+ CO3
2- + NO3

-)…………………………………………..………..….. (6)  

When there is an exchange between Na+ in groundwater with Ca2+/Mg2+ of the aquifer material, both indices CAI – I 

and II will be positive. Conversely, the negative CIAs values indicate a reverse ion exchange. Accordingly, the 

calculated CAI – I and CAI – 2 values are negative for all groundwater samples with an average value of -13.54 and 

-0.57, respectively. Thus, Ca2+/Mg2+ in groundwater exchanging with Na+ in aquifer forming rocks and sediments 

leading to the further increment Na+ with parallel depletion of Ca2+/Mg2+ in the groundwater along the flow path. The 

hydrochemical evidence suggests that silicate weathering and cation exchange played a role for the evolution of the 

groundwater from the low mineralized Ca/Mg–HCO3 to high mineralized Na–HCO3 hydrochemical facies along 

groundwater flow.  

As suggested by several authors (Gizaw 1996; Yirgu et al. 1999; Rango et al. 2009; Haji et al. 2018; Bianchini et al. 

2020), the above-mentioned process, silicate weathering and cation exchange, are also responsible for the high content 

of F- exceeding the permissible limit in the rift sector of the study area (Fig.4). Fluoride is positively correlated with 

Na+ (R2 = 0.83), HCO3
- (R2 = 0.65), TDS (R2 = 0.65) and negatively correlated with Mg2+ (R2 = -0.18) and Ca2+ (R2 = 

-0.3). These relationships suggest that silicate weathering gradually releases F- into groundwater reservoir as it flows 

from the bordering escarpments to the rift axis. Simultaneously, cation exchange is also believed to remove Ca2+ from 

the groundwater to replace Na+ in aquifer material. This results freely circulating F- in the rift center as there is not 

sufficient Ca2+ to precipitate as CaF2 (Rango et al. 2010; Haji et al. 2018; Bianchini et al. 2020).  

As stated by Keshavarzi et al. (2010), in acidic water, F- is adsorbed on a clay surface, while in alkaline water, F- is 

desorbed from solid phases; therefore, alkaline pH is more favorable for F- dissolution. In the present study, the gradual 

change in pH from the slightly acidic nature in the upstream to sub-alkaline water in the rift floor is highly favored 

the dissolution of F- which is reflected by positive correlation with pH (Fig 8; R2 = 0.42). The influence of alkalinity 

on F- dissolution is also recognized by several other authors (e.g., Saxena and Ahmed 2003; Jacks et al. 2005; Rafique 

et al. 2009; Haji et al. 2018).  

Possible site for Fig.8 



4.1.3 Trace element distribution in the groundwater 

According to Gaillardet et al. (2003), trace elements are known by their concentrations lower than 1 mg/l in 

groundwater. Despite their low concentrations, the level of their presence plays either negative or positive role in 

human health (WHO, 2011). To identify potentially toxic trace elements, the concentrations of trace elements in the 

groundwater samples were compared with existing drinking water quality guidelines (WHO 2011; US EPA 2003).  

Apart from Be and Bi, the analyzed trace elements (Mn, As, U, Mo, Pb, Cr, Sr, Li, Sc, Ti, V, Co, Ni, Cu, Zn, Ga, Rb, 

Cd, Sb, and Ba) were detected in the majority (75%) of the collected samples in the ZLB. The low content of Be and 

Bi below the detection limit might be linked to the lower concentrations in aquifer materials (volcanic rocks). For 

most of trace elements (Sr, Li, Sc, Ti, V, Co, Ni, Cu, Zn, Ga, Rb, Cd, Sb, and Ba) reported in Table 4, the measured 

concentrations were far below the guideline values and are not expected to cause harm to people. However, a few 

potentially toxic trace elements such as Mn, As, U, Pb, and Mo were above the permissible limit (WHO 2011).  

The concentration of these toxic trace elements in the groundwater were non-uniform across the watershed ranging 

from bdl to high values exceeding the health-based value for drinking water (Table 4). Manganese is an important 

element for human, but can cause adverse health effects due to over or insufficient consumption. Concentrations below 

40 µg/l are usually acceptable to consumers (WHO 2011). According to Erikson and Aschner (2003) and Vartanian 

et al. (1999), over consumption of Mn beyond the acceptable limit may result to infertility, malfunction of the immune 

system and Parkinson-like symptoms. Manganese concentration in the ZLB ranges from bdl to 466 µg/l with mean 

value of 37.6 µg/l. Manganese level is quite low in the western and eastern escarpments but the central rift floor is 

highly enriched rising to 10 times higher than the permissible limit (Fig.9a). The concentration of Mn in this study is 

higher than those reported in Tertiary sedimentary sandstone aquifer in Nigeria (180 µg/l; Oyem et al. 2015) and 

Mississippi River Valley alluvial, sandstone and glacial aquifers in USA (300 µg/l; McMahon et al. 2019) but 

significantly lower than Nubian sandstone aquifer in Egypt (36, 340 µg/l; Khozyem et al. 2019) and Carboniferous 

and Devonian sedimentary aquifer in Scotland (1900 µg/l; Homoncik et. 2010).   

Arsenic is tasteless, odorless, and colorless but has been proven to be toxic at very low concentrations, even below 

the recommended level of 10 μg/l (WHO 2011). Numerous epidemiological studies (e.g., Smith et al. 1998; Parvez et 

al. 2008; Tchounwou et al. 2018) documented that drinking As contaminated water can cause skin, liver, lung, kidney 

and bladder cancer. Arsenic in the groundwater samples ranged from bdl to 278 µg/l, with a mean of 30.2 µg/l. Arsenic 

shows strong correlation (R2 > 0.8) with EC, Na+, K+, HCO3
-, and F-. Negatively associated with Mg (R2 = -0.27), Ca2+ 

(R2 = -0.31) and almost no distinctive association with NO3 (R2 = -0.07). These relationships suggest that As 

contamination in the study area is geo-genic and tied with Quaternary sediments and rhyolitic volcanic rocks instead 

of basic rocks (e.g., basalts) (Barringer and Reilly 2013). This finding is in agreement with Rango et al. (2010, 2013) 

and Bianchini et al. (2020). The spatial distribution of As concentrations in the groundwater (Fig. 9b) shows that areas 

to the west and south of lake Ziway that represents zone of high As concentrations (As >10 µg/l). Arsenic levels were 

much lower and far below the permissible limit in the Western and Eastern escarpments of the study area. Some 

studies (e.g., Reimann et al. 2003; Rango et al. 2010, 2013) reported the occurrence of As contamination in the MER 

accompanied by high F content. The As content is more pronounced mainly in hot springs (up to 1019 µg/l) in the 



southern MER (Bianchin et al. 2020). It should also be noted that the content of As in the Quaternary sediments and 

rhyolitic volcanic aquifers of the study area is much higher than those of limestone aquifer in Nigeria (160 μg/l; 

Gbadebo 2005); alluvial aquifer in India (68 μg/l; Yadav et al. 2020) and lower than crystalline basement aquifers in 

Burkina Faso (1,630 μg/l; Smedley et al. 2007),  fluvio-lacustrine aquifers in Mongolia (1,800 μg/l; Smedley et al. 

2003) and marine and fluvial origin alluvial sediment aquifer in Vietnam and Cambodia (1,340 μg/l; Buschmannet al. 

2008). 

According to Milvy and Cothern (1990) and Brugge and Buchner (2011), Uranium is considered to be  non-essential 

element for human health and the exposure to extremely low concentration in groundwater results potential problem 

in kidney and bones. Uranium concentrations ranged between bdl and 43.9 µg/l with a mean of 4.73 µg/l. Uranium 

level was generally very low in the study area but anomalous concentration exceeding the WHO (2011) threshold 

value (15 µg/l) is observed to the west of lake Ziway (Fig.1). These zones also overlap with high F >1.5 mg/l, As >10 

µg/l and Mn >40 µg/l. The range of U concentrations observed in this study area falls within the range found in 

Ethiopian Rift (Reimann et al. 2003; Rango et al. 2013). However, U concentrations observed in this study were found 

to be lower than observed in granites and pegmatites in Sweden (470 μg/l; Selden et al. 2009) and Quaternary 

sediments in China (288 μg/l; Wu et al. 2014) but higher than alluvial sediments in Bangladesh (10 μg/l; Frisbie et al. 

2009) and Vietnam (5.1 μg/l; Buschmann et al. 2008). 

Lead content in groundwater obtained from this study ranged from bdl to 71.7 μg/l with a mean value of 4.1 μg/l. Only 

five percent of the water samples collected throughout the study area exceeded the WHO (2011) recommended limit 

of 10 μg/l. Several authors (e.g., Cunningham and Saigo1997; Baykov et al.1996; Jaishankar et al. 2014) have shown 

that frequent over intake of Pb can initiate tiredness, hypertension, anemia behavioral changes, irritability and 

impairment of intellectual functions. Molybdenum is an indispensable trace element for human health; nonetheless, 

over doses can be harmful (Pauline and Kinniburgh 2017). Similarly, Molybdenum concentrations ranged from bdl to 

104 µg/l with a mean value of 6.2 µg/l. Molybdenum concentration was generally very low in ZLB and only five 

percent of the groundwater samples, located in the rift floor to the west of Lake Ziway, had high concentrations 

exceeding the WHO (2011) recommended value for drinking water (70 μg/l). Molybdenum has good association with 

As (R2 = 0.53), Pb (R2 = 0.21) and U (R2 = 0.71) suggesting that the reactive Quaternary sediments and rhyolitic 

volcanic rocks are also the potential source in the groundwater triggered by high geothermal activity in the area. 

(Fig.1).  

Multiple violations of trace elements (Mn, As, U, Pb, and Mo) is very common concurrently in the groundwater 

samples in the rift floor section of ZLB. This simultaneous occurrence of toxic elements could pose further threat to 

human health through their mixture products (Bopp et al. 2018; Kortenkamp and Faust 2018). A mixture risk 

assessment is not considered in this work; however, the result suggests that groundwater of the study area possibly 

cause health concerns for the people consuming directly without any treatment from the groundwater sources.  

Possible site for Fig. 9 



4.2. Assessment of groundwater for irrigation 

Water quality, soil types, and agricultural practices are essential factors for successful performance of irrigation. 

However, water quality can have a profound role in crop productivity as well as soil fertility. Therefore, evaluating 

the suitability of groundwater for irrigation purpose is vital for proper growth of crops and soil fertility. The most 

widely applied irrigation water quality indicator that can potentially show the quality of groundwater for irrigation 

purpose are EC, SAR, Na%, RSC, and PI. These indices were calculated by the relation provided in Table 3 and 

groundwater samples were classified according to its irrigation usage (Table 5).  

Possible site for Table 5  

4.2.1. Sodium Adsorption Ratio (SAR) and USSL diagram 

Sodium Adsorption Ratio is used to measure the relative proportion of Na+ concentration to those of Ca2+ and Mg2+ in 

a water sample. The excessive Na+ concentration relative to Ca2+ and Mg2+ reduces soil hydraulic conductivity and 

consequently hinders the supply of water required for plant growth. The excess Na+ or limited Ca2+ and Mg2+ content 

is determined by SAR value and can be evaluated using standard equation provided in Table 3 (Richards 1954). 

The SAR values of the groundwater in the ZLB ranged from 0.13 to 237.4 meq/l with mean value of 3.4 meq/l (Table 

5). The SAR value of the groundwater displays a positive trend towards the rift floor. The increase in SAR value from 

the escarpment towards the rift center is linked to strong silicate hydrolysis aided by high geothermal gradient. Based 

on SAR values, more than 80% of the groundwater samples fall in Excellent category and would be suitable for 

irrigation. The remaining 20% water samples classified as Doubtful to Unstable range and are mainly situated in the 

rift floor. 

In addition to absolute SAR, the suitability of the groundwater for irrigation was also appraised based on US Salinity 

Laboratory (USSL) plot (Richards 1954), in which the EC is considered as salinity hazard while SAR as alkalinity 

hazard (Fig. 11a). The plot shows that 14 of the groundwater samples mainly belonging to the escarpments fall in the 

class C1-S1 with low salinity and alkalinity/Na+ which are suitable for irrigation usage in almost all soil types. Twenty-

six groundwater samples lie in the class C2-S1 and C3-S1 (medium to high salinity and low Na+). These waters can be 

utilized for irrigation application in almost all soil types with slight danger of exchangeable Na+. Most of the thermal 

and rift floor groundwater were classified in high to very high salinity water (C3 and C4) and high to very high Na+ (S3 

and S4) field and thus cannot be applied in soils with limited drainage. Even with sufficient drainage, special 

management for salinity control is needed and crops with good salt tolerance should be preferred. In general, 

groundwater from the escarpments of the basin were suitable for irrigation usage with minor impact to the soil and 

crops. On the other hand, the western lake margin areas categorized as poor-quality water and requires treatment 

before irrigation application.  

Possible site for Fig. 10 

4.2.2. Percent sodium (% Na) and Wilcox diagram 

Percent sodium is also utilized in evaluation of groundwater suitability for irrigation usage, as the concentration of 

Na+ reacts with soil to lower its permeability (Todd 1980). When the content of Na+ is high in irrigation water, Na+ 



tend to be absorbed by clay particles discharging Ca2+ and Mg2+ ions. This exchange process of Na+ in water for Ca2+ 

and Mg2+ in soil lowers the permeability and ultimately results in soil with low infiltration rate. As a result, air and 

water circulation is inhibited during wet situations, and such soils become typically hard when dry (Saleh et al. 1999). 

The computed %Na for the ZLB ranged from 11.7 to 99.9 % with mean value of 56.2 % (Table 5). The Wilcox (1955) 

plot (Fig. 10b) relating %Na and EC illustrates that 38 (70%) groundwater samples belong to Excellent to Permissible, 

4 (7%) to Permissible to Doubtful, 6 (11%) to Doubtful to Unsuitable, and 7 (13%) to Unsuitable categories. 

4.2.3. Residual sodium carbonate (RSC) 

The other limiting factor for irrigation water is the excess of CO3
− and HCO3

- concentrations with regards to Ca+2 and 

Mg+2 which can deteriorate the irrigation water quality as it results the precipitation of the alkali metals mainly Ca+2 

and Mg+2. The precipitation of Ca2+ and Mg+2 as carbonate minerals may amplify the Na+ concentration and 

consequently increase SAR values (Eaton 1950). Based on RSC value groundwater can be categorized Suitable (RSC< 

1.5 meq/l), Unsuitable (RSC>2.5 meq/l), and Marginally suitable (1.25-2.5 meq/l) for irrigation (Table 5) (Deshpande 

and Aher 2012).  

According to RSC values, 38% of the water samples are Suitable for irrigation application, and about 18% of the water 

fall under Marginally suitable category and the remaining 44 % of water samples are lie in Unsuitable category. More 

than 50% of the water samples found to be fairly Suitable for irrigation and are identified in the escarpments part of 

the basin. On the contrary, the Unsuitable water samples are mainly located in southeastern and central part of the 

basin. High RSC potentially can have damaging effect to the physical properties of soil as it induces dissolution of 

organic matter and finally generate a black stain on the soil surface when it dries (Kumar et al. 2007; Srinivasamoorthy 

et al. 2014).  

4.2.4. Permeability Index (PI) 

The Permeability Index is one of the important irrigation water quality indicators, as the soil permeability is affected 

by continues application of irrigation water, which is controlled by the Na+, Ca2+, Mg2+, and HCO3
− contents of the 

soil. Doneen (1964) developed a criterion for evaluating the suitability of water for irrigation usage based on PI and 

waters can be categorized as classes Excellent (>75%), Good (25–75%), and Doubtful (<25%) (Table 5). 

In the ZLB, the computed PI values of the groundwater varied between 39.9 and 136.4 meq/l, with mean value of 

100.5 meq/l. Based on PI value, the greater proportion of the water samples (98%) clustered under Excellent to Good 

classes and are generally suitable for irrigation.  

4.3 Water Quality Index  

4.3 .1 Drinking Water Quality Index (DWQI) 

DWQI was applied to get an overall picture of groundwater quality for drinking purpose in the LZB. The computed 

DWQI values are then used to categorize the groundwater in to five classes as Excellent, Good, Poor, Very Poor, and 

Unsuitable (Table 6) for drinking use (Sahu and Sikdar 2008).  



The calculated DWQI values of the groundwater in the basin range between 2.7 to 714 with an average of 94. Of the 

55 groundwater samples, 56% of the samples belonged to Excellent and 20% to Good and are considered to be suitable 

for drinking purpose. However, the remaining 24% categorized as Poor to Unsuitable ranges (Table 6) and cannot be 

directly utilized for human consumption without proper treatment. 

Possible site for Table 6 

DWQI spatial distribution map (Fig.11a) was created based on the calculated DWQI values. It can easily be observed 

that DWQI values varied from 12.7 Excellent class to 714 Unsuitable class for drinking purposes and systematically 

increases from the escarpments towards the rift axis. Lower DWQI values below 100 are observed in the upper 

escarpments indicating that suitable for drinking purposes. The low value in the escarpments is associated to the fast 

groundwater replenishment and low rock-water interaction rate due to short travel time. As a result, the concentration 

of highest influencing parameters (see Table 2) of DWQI usually found to be below the drinking water guideline. 

On the other hand, high DWQI values above 100 designated as Poor to Unsuitable water quality status was observed 

in the rift floor. As discussed in the section 4.1.2, silicate hydrolysis and cation exchange processes along the 

groundwater flow direction from the escarpments towards the rift floor through acidic volcanic rocks enriching the 

groundwater in F−, Na+, K+, and HCO3
− with a corresponding increment of pH and EC. As a result, almost all 

influencing parameters of DWQI were found to be in excess and went above the permissible limit, which led to high 

DWQI value. The exceptional very high DWQI values to the west of Lake Ziway is mainly related to co-existence of 

the elevated concentration of toxic elements in Quaternary sediment and rhyolitic volcanic rock aquifer such as F, 

Mn, As, U, Pb, and Mo. From Fig.4 and 9, it can be inferred that the areas that have high F, Mn, and As concentration 

also have high DWQI values. This substantiates the validity of DWQI map. In general, the poor drinking water quality 

in ZLB is associated with the combined action of silicate hydrolysis and cation exchange as well the occurrence of 

very reactive litho-type. 

4.3.2 Irrigation Water Quality Index (IWQI) 

Suitability of groundwater for irrigation purpose can be assessed either taking into consideration of the chemical 

parameters (indices) (e.g., Li et al. 2013; Kawo and Karuppannan 2018) or combination of many indices (e.g., Meireles 

et al. 2010; RamyaPriya and Elango 2018). Rating of water for irrigation purpose using individual chemical parameters 

can be helpful; however, the overall suitability based on many influencing parameters provide concise information for 

decision by managers and administrative organizations. The calculated IWQI values of the groundwater in the basin 

ranged from 13.2 to 520 with an average of 106. In groundwater, 28% of the samples belonged to Excellent, 46% to 

Good, 15% to Poor, 7% to Very poor, and 4% to Unsuitable category (Table 6).   

The spatial variation of IWQI values in the ZLB is shown in Fig.11 (b). Like the DWQI map, groundwater quality is 

generally characterized by an Excellent water quality for irrigation in the headwater regions of the ZLB and 

progressively become Unsuitable for irrigation water uses in the rift floor. In the rift floor, the parameters considered 

for the IWQI are characterized by high EC, SAR, Na%, RSC and PI values leading to high IWQI values. This is 



directly associated to the gradual evolution of groundwater from low mineralized Ca/Mg–HCO3 type in the escarpment 

to strongly mineralized Na–HCO3
− type in the rift floor.  

Possible site for Fig. 11 

5. Conclusion  

Water quality is one of the most important factors for sustainable development in the ERV, which is characterized by 

arid and semi-arid climate and serious water shortage often associated with water quality problems. In this study, the 

suitability of groundwater for drinking and irrigation use was evaluated in LZB of the ERV. Water quality of 55 

groundwater samples were assessed for major and trace elements concentrations. Results showed that groundwater 

samples from the escarpments are typically characterized by low TDS and Ca/Mg–HCO3 hydrochemical facies. The 

subsequent interaction of these waters with the acidic volcanic rocks along the flow path towards the rift axis prompts 

a general increase of TDS and evolution of hydrochemical facies towards Na–HCO3. Comparison of major and trace 

element concentrations of the water samples with drinking guidelines (WHO 2011) indicated that large percentages 

(for Na, K, F and HCO3), and small percentages (for Mn, As, U, Pb and Mo) of samples are found exceeding the 

permissible limits. Water rock interactions such as silicate weathering and ion exchange are the prime processes 

controlling groundwater quality with limited anthropogenic stress. 

The overall groundwater quality for drinking purpose, DWQI values, show strong spatial variation in the ZLB ranging 

from 12.7 (Excellent class) to 714 (Unsuitable class) with an average of 94. DWQI suggests that groundwater quality 

is generally characterized by an Excellent water quality for drinking water use in the head water regions of the ZLB 

and progressively become Unsuitable in the rift floor. The poor groundwater quality in the downstream section of the 

basin is associated with an increase in TDS coupled with the co-occurrence and accumulation of multiple toxic trace 

elements (F, Mn, As, U, Pb and Mo) along groundwater flow. For the community residing in areas with very high 

DWQI values, especially to the west of Lake Ziway where major cities are located, it is necessary to look for alternative 

sources of water or device new methodologies that can remove multi-toxic elements from the groundwater. 

The spatial assessment of irrigation water quality inferred from water quality indicators such as IWQI, EC, SAR, 

Na%, RSC and PI values showed the existence of different water quality class across the study area. The significant 

proportion of rift floor groundwaters samples fall in moderately Suitable to Unsuitable classes for irrigation use. These 

classes of groundwater might destruct the physical properties soils (e.g., soil drainage) and lower crop productivity in 

the area. The occurrence of such irrigation water quality in this region is mainly attributed to the dominance of Na and 

HCO3 arising from the late stage evolution of the groundwater. On the contrary, the escarpment groundwaters fall in 

the Suitable category in any of the above irrigation water quality indicators.  

The spatial assessment of groundwater quality has led to a better understanding of water quality degraders and overall 

water quality status of ZLB. DWQI and IWQI maps have provided integrated information about the suitability of the 

groundwater for different purposes, which helps policy makers and managers to identify developed water schemes 

falling in unsuitable areas and thus to take appropriate measures and identify new areas for future groundwater 

resource development. 
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Figures

Figure 1

Location and simpli�ed geological map of the ZLB (compiled from Dainelli et al. 2001; Halcrow 2008).



Figure 2

(a–d) Box plot showing the spatial variation in temperature, pH, TDS, and EC from the escarpment to the
rift �oor. The broken line represents the "permissible" value (WHO 2011).

Figure 3

(a–h) Box plot showing the spatial variation of major ions (Ca2+, Mg2+, Na+, K+, HCO3-, Cl-, SO42-, and
NO3-) from the mountains to the rift �oor. The broken line represents the "permissible" guideline (WHO
2011).



Figure 4

Spatial distribution of F- in the groundwater of ZLB.

Figure 5

Piper diagram depicting the hydrochemical facies of the groundwater in the study area.



Figure 6

Gibbs diagram showing prominent processes controlling the chemistry of groundwater in the ZLB.

Figure 7

The relation between Ca + Mg (a) and Na + K (b) with total cation (TZ+) in the study groundwater.



Figure 8

Scatter plot illustrating the relationship between pH and �uoride concentrations in the groundwater of
ZLB.

Figure 9

The spatial distribution of the two most frequent toxic elements (Mn (a) and As (b)) in the study area (see
sampling sites in Fig. 1 or 4).



Figure 10

Irrigation water quality assessment based on Wilcox (a) and USSL (b) diagrams.

Figure 11

Spatial variation of Drinking (a) and Irrigation (b) Water Quality Index in the ZLB.


