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Abstract 
Deep groundwater exploitation from basaltic aquifers is conducted in Addis Ababa, 

Ethiopia to meet rapid increase of water demand. The target aquifers consist of scoria, 
scoriaceous and vesicular basalt at depths from 300 to 600 m. In recent years the Addis Ababa 
Water and Sewerage Authority (AAWSA) carried out hydrogeological investigations near Akaki 
well field, which is one of the important existing well fields for Addis Ababa water supply. The 
new well field is located near Akaki well field and Aba Samuel Lake. The deep wells drilled by 
the AAWSA showed that the productivity of deep aquifers is high, however, there is a concern 
about the sustainability of deep groundwater exploitation from the viewpoints of quantity and 
quakity. A 3-D groundwater simulation model using MODFLOW was created to evaluate the 
sustainability of deep groundwater exploitation. The results show that heavy pumpage from the 
deep aquifers will cause decline of shallow groundwater table. The quality of deep groundwater 
will also be affected by the induced seepage from the lake water. Proper groundwater monitoring 
and modeling are necessary to set permissible yields for better groundwater management in Addis 
Ababa. 
 
1. Introduction 

In Ethiopia more than 90% of its rural water supply and about 80% of urban water supply 
schemes are depended on groundwater as their sources. Addis Ababa is the capital city of 
Ethiopia with a population of more than 3.38 million according to the 2007 population census. 
For the Addis Ababa water supply, 3 surface water reservoirs and the Akaki well field are the 
main water supply sources. 

The Akaki well field is located about 22 km south of Addis Ababa (Fig. 1). The elevation 
of the Akaki River Catchment area ranges from 2000 to 3100 masl. In the catchment area, the 
populated area of Addis Ababa city is situated in the upstream area with elevations ranging from 
2200 to 2500 masl. On the other hand, the Akaki well field is located in the downstream area with 
elevations about 2100 m.  

The existing Akaki well field covers an area of about 16 km2. Twenty-five production 
wells and 4 monitoring wells were drilled by the Addis Ababa Water and Sewerage Authority 
(AAWSA). The production wells operated by AAWSA are called as BH wells. The depths of the 
BH wells range from 116 to 190 m. The static water levels at the time of drilling range between 
40 and 70 m in depth. Out of 25 production wells, 8 production wells are operated at present. The 
current maximum daily production is 43, 000 m3/day for Addis Ababa water supply. In addition, 
5 production wells have been drilled for Akaki water supply and 3 of them are operated at present. 
The production wells for Akaki water supply are called as EP wells. The daily production of 3 EP 
wells is 3000 m3/day. 

To meet the increasing water demand of Addis Ababa water supply, AAWSA had 
identified 5 groundwater prospective sites around Addis Ababa City and its surroundings. One of 
them is called as Southwest and West of Akaki well field (SWAWF). According to the final 
report prepared by the Water Works Design and Supervision Enterprise (WWDSE, 2011) 
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submitted to AAWSA, 17 deep wells with depths up to 500 m were drilled near the existing 
Akaki well field. It was reported that the deep wells yielded 900 to 8600 m3/day of groundwater, 
however, there is a concern about the sustainability of deep groundwater development. 

Three-dimensional groundwater simulation study in and around the existing Akaki well 
field has been carried out by the author during the groundwater modeling training course of the 
Ethiopia Water Technology Center (EWTEC) since 2003 (Shibasaki, 2011). In this paper, the 
deep groundwater exploitation from basaltic aquifers was evaluated using a newly constructed 3-
D groundwater simulation model. 
 

 
 

Fig.1. Location map of the Akaki well field, Addis Ababa, Ethiopia 

2. Deep Hydrogeology of Akaki Well Field 
2.1General geology 

The geology of the Akaki well field and its vicinity area briefly consists of (1) Middle 
Miocene Addis Ababa basalt, (2) Miocene ignimbrite, tuff and trachyte, (3) Pliocene ignimbrite, 
trachyte, rhyolite and basalt, (4) Quaternary scoria, scoriaceous and vesicular basalt, and (5) 
Quaternary alluvial and lacustrine deposits (AG consultant, 2004) as shown in Fig. 2. The 
productive aquifer of the existing Akaki well field consists of scoria, scoriaceous and vesicular 
basalt. The thickness of the productive aquifer ranges from 100 to 150 m. The black cotton soil is 
widely distributed in the well field. The alluvial and lacustrine deposits occur near Aba Samuel 
Lake. 

Geologic structure of the Akaki well field is influenced by the Ethiopian rift valley. The 
western boundary of the rift valley is located southeast of the Akaki well field. The NE-SW 
lineaments and NW-SE fault system are found in the area. 
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Fig.2. General geological map of the Akaki well field (after AG consultant, 2004) 

2.2. Deep Wells Drilled by AAWSA 
In the southwest and west of Akaki well field (SWAWF) area, AAWSA made contract 

with Ethiopian and Chinese drilling companies to drill 20 deep wells in 2008 and 2009. Most 
drilling works were completed by the end of 2010 (WWDSE, 2011). The locations of deep wells 
are shown in Figs. 2 and 3. Out of 20 wells, 13 wells have detailed information on columnar 
section, geophysical logging, well structure, and pumping test (Table 1). 

The well depths range from 250 to 500 m. Most wells have casing and screen pipes up to 
depths around 250 m, below the depths the holes are uncased. During pumping tests the pumping 
rate were maintained from 907.3 to 8640 m3/day. The observed drawdown and specific capacity 
values are 4.47 to 111.70 m and 9.4 to1739.6 m2/day, respectively. 

Based on the available lithological logs and geophysical logging data, hydrogeological 
profiles A-A’, B-B’, and C-C’ were prepared (Figs. 4 to 6). The transmissivity values are 
estimated from the actual specific capacity values, pumping time, well radius and assumed 
storage coefficient (=1E-3) using the method developed by Shibasaki (1996) because of the poor 
quality of the pumping test data. In the basaltic aquifers, high resistivity values generally show 
massive and less fractured rocks so that the screen pipes were installed at low resistivity zones. 
As WWDSE (2011) stated, the resistivity values below 1700 m in elevation are relatively low, 
indicating that the lower basaltic aquifer unit could be identified from the resistivity. It is noted 
that the natural gamma logs in the profile B-B’ show similar patterns particularly at WF01-PW3 
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and SWAWF2. It can be said that high and low patterns of natural gamma logs could provide key 
zones to correlate subsurface volcanic aquifers. 

 
Table 1. List of deep wells having columnar section and pumping test data 

 
Well Name Depth (m) SWL (m) DWL (m) DD (m) Q (m3/d) Sc (m2/d) 
SWAWF1R 417.0  44.78  156.48  111.70  1045.4  9.4  
SWAWF2 448.0  9.45  98.84  89.39  4704.5  52.6  
SWAWF3 379.0  44.00  58.20  14.20  7776.0  547.6  
SWAWF4B 480.0  7.18  16.90  9.72  7776.0  800.0  
SWAWF5 486.0  9.69  14.16  4.47  7776.0  1739.6  
WF01-PW1 500.0  21.67  98.32  76.65  907.2  11.8  
WF01-PW2 250.0  21.23  106.07  84.84  5378.4  63.4  
WF01-PW3 481.6  21.83  90.48  68.65  2419.2  35.2  
WF01-PW8 483.7  17.50  99.86  82.36  4320.0  52.5  
WF01-PW11 500.0  27.53  81.53  54.00  5369.8  99.4  
WF01-PW12 480.0  34.10  39.73  5.63  8640.0  1534.6  
WF02-PW10 480.0  107.62  156.28  48.66  3706.6  76.2  
WF03-PW1 306.0  90.76  99.27  8.51  5616.0  659.9  

(SWL: static water level, DWL: dynamic water level, DD: drawdown, Q: pumping rate, 
Sc: specific capacity) 

 
Fig.3. Location of deep wells with 3-D groundwater simulation model grid 
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Fig.4. Hydrogeological profile along A-A’ line in Fig. 3. Original data were obtained from WWDSE (2011). 

1: black cotton soil, 2: clay, 3: basalt, 4: vesicular basalt, 5: scoriaceous basalt, 6: scoria, 7: tuff, 8: 
trachyte, 9: rhyolite, 10: pyroclastic rock, 11: missing core, 12: static water level, 13: dynamic 
water level, 14: screen pipe or uncased hole, T: transmissivity 

 
 
Fig.5. Hydrogeological profile along B-B’ line in Fig. 3. Original data were obtained from WWDSE (2011). 

Legends are the same as Fig.4 except 11: gravel with clay. 
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Fig.6. Hydrogeological profile along C-C’ line in Fig. 3. Original data were obtained from WWDSE (2011). 

Legends are the same as Fig.5. 
 
Figure 7 shows s-Q plots in the modeled area by well type; viz. existing well in the model area, 
existing production wells in Akaki well field, and the deep wells in SWAWF. The specific 
capacity values of the deep wells are less than those of highly productive existing wells in Akaki 
well field. The s-Q plots of SWAWF deep wells can be divided into 2 groups, viz. low specific 
capacity group less than 100 m2/day, and high specific capacity group more than 500 m2/day. In 
the low specific capacity wells, drawdowns range from 50 to 110 m during the pumping tests. 
Such large drawdowns are not observed in the existing Akaki production wells. 
 

 
Fig.7. s-Q plots of existing wells in the model area, existing production wells in Akaki well field, and the 

deep wells in SWAWF. The data are obtained from AAWSA et al. (2000, 2002) and WWDSE 
(2011).  

 
3. 3-D Groundwater Modeling 
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3.1 Model framework 
The MODFLOW (McDonald and Harbaugh, 1988) based Processing MODFLOW 

Version 8 (Simcore Software) was used to create the 3-D groundwater simulation model. The 
model framework was established as shown in Fig. 3 considering the locations of the deep wells, 
existing wells, topography, and hydrogeological conditions. The horizontal extent of the modeled 
area has 460000 to 490000 m in ADINDAN UTM-Easting (=30 km) and 965000 to 990000 m in 
ADINDAN UTM-Northing (=25 km). The maximum cell size is 1,000 m by 1000 m and the 
minimum one is 500 m by 500 m. 

In the vertical direction, the model domain was divided into 38 layers to simulate 3-D 
groundwater flow system (Fig. 8). The model top and bottom elevations are 2500 m and 1500 m, 
respectively. Layer thickness is 20 m from Layer-7 to Layer-36. The thicknesses from Layer-1 to 
6 and from Layer-37 to 38 are 50 m. Active cells and inactive cells were identified based on the 
digital elevation values obtained from SRTM-3 version 4 data. 
 

 
Fig.8. Model framework of the 3-D model 

 
3.2 Boundary conditions and initial hydraulic head 

The boundary conditions assigned to the model are shown in Fig. 9. The model covers 
the southern part of the Akaki River Catchment area so that the general head boundaries 
(McDonald and Harbaugh, 1988) were assigned to the perimeter of the model to express aquifer 
continuities. The constant head boundary was assigned at the Aba Samuel Lake where surface 
water exists throughout the year. Another constant head boundary was assigned at the 
southeastern corner of the model domain where natural springs are found in the field. Pumped 
cells were identified based on the well locations and screen depths. 

The initial hydraulic heads were estimated from the SRTM-3 version 4 digital elevation 
data due to no actual data before pumping in the modeled area. The river level map using 5 km 
grid spacing was prepared from the SRTM-3 data and it was assumed that the initial hydraulic 
heads are almost equal to the estimated river levels by the topographical analysis. At the constant 
head boundaries of the Aba Samuel Lake, the actual lake water levels were assigned. 
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Fig.9. Boundary conditions of the 3-D model 

 
3.3Aquifer properties 

Based on the general geological map of the modeled area (see Fig. 2) and the subsurface 
geologic conditions revealed from the deep well drillings, assignment of the geological units were 
made as shown in Fig. 10. The lower basalt aquifer (Lb), which was identified by WWDSE 
(2011), was also assigned to the model. 
 

 
Fig.10. Geological unit assignment to the 3-D model 

 
Transmissivity values of Nb aquifer unit (Fig. 11) and Lb aquifer unit (Fig. 12) were estimated 
based on the specific capacity values obtained from the production tests. For Nb aquifer unit, 
transmissivity values were estimated by the method of Logan (1964). For Lb aquifer unit, the 
values were estimated by the method of Shibasaki (1996). From the estimated transmissivity 
values, horizontal and vertical hydraulic conductivity values were computed and assigned to the 
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3-D model. For other aquifer parameters such as specific storage, specific yield, and effective 
porosity, typical values were assigned considering the aquifer lithology.  
 

 
Fig.11. Transmissivity map of the Nb aquifer unit 

 

 
Fig.12. Transmissivity map of the Lb aquifer unit 
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4. Simulation Results 
After model calibration, transient simulations for 20 years were carried out to evaluate 

the impact of deep groundwater exploitation in the study area. Groundwater recharge examined 
by Shibasaki (2011) was given to the model. Two pumping scenarios were prepared as follows: 
1) Groundwater is pumped from Nb aquifer unit by existing wells and existing Akaki production 

wells (Scenario-1) 
2) Groundwater is pumped from Lb aquifer unit by the SWAWF deep wells and from Nb 

aquifer unit by existing wells and existing Akaki production wells (Scenario-2) 
In Scenario-1, simulated head distribution is mainly controlled by the exiting Akaki production 
wells as shown in Fig. 13. The simulated head at the central part of the existing Akaki well field 
is 2027 m in Layer-21. The equal lines of simulated heads of 2040 m and 2030 m are vended 
toward north due to the pumpage of 46, 000 m3/day, from the exiting Akaki well field. In 
Scenario-2, additional pumpage of 65,000 m3/day to be pumped from the deep wells; is added to 
Scenario-1. The result of Scenario-2 shows that the simulated head at the central part of the 
existing Akaki well field is 2024.5 m in Layer-21, indicating that the head is 2.5 m lower than 
that of Scenario-1. The equal lines of simulated heads of 2040 m and 2030 m move to northwest 
from the exiting Akaki well field. 

Figure 15 shows the simulated head difference by the SWAWF deep wells in Layer-21 
after 20 years of transient simulation. Due to the pumpage from the deep wells, the maximum 
head difference of 6.1 m is predicted to occur at the northern part of SWAWF. The area having 
head difference more than 2.5 m stretches to southeast and southwest. The area having 20 km in 
NW-SE direction and 13 km in NE-SW direction will have additional drawdown more than 2 m 
by the deep groundwater exploitation. 

 
Fig.13. Simulated head distribution in Layer-21,  after 20 years of transient simulation. It is assumed that 

the groundwater is pumped from Nb aquifer unit by existing wells and existing Akaki production 
wells. 
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Fig.14. Simulated head distribution in Layer-21 after 20 years of transient simulation. It is assumed that the 

groundwater is pumped from Lb aquifer unit by the SWAWF deep wells and from Nb aquifer unit 
by existing wells and existing Akaki production wells. 

 

 
Fig.15. Simulated head difference by the SWAWF deep wells in Layer-21 after 20 years of transient 

simulation. Due to the pumpage from the deep wells, it is predicted that the maximum head 
difference of 6.1 m may occur at the northern part of SWAWF. 
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5. Discussion 
It is known that the exiting Akaki well field consists of highly productive basaltic 

aquifers. However, due to the increase of water demand in Addis Ababa, monitoring records of 
AAWSA show the groundwater levels of Akaki well field have declined since 2001. AAWSA 
developed a groundwater model for the Akaki well field in 2000 and revised in 2002 (AAWSA et 
al., 2000, 2002). Although the model was a 2-D model, the sustainable pumping rate from the 
well field was proposed with a continuous monitoring of the pumping rate and drawdown (Lulu 
et al., 2005). During the groundwater modeling training course conducted by the author in the 
Ethiopia Water Technology Center (EWTEC) project, the constructed Akaki groundwater model 
showed that the groundwater moves from the Aba Samuel Lake towards the Akaki well field 
(Shibasaki, 2011). The simulated head distribution by this study also indicates that the current 
groundwater production of 46, 000 m3/day for Addis Ababa and Akaki water supply, from the 
existing Akaki well field is overexploitation.  

To meet the increasing water demand, AAWSA identified SWAWF is one of the 
prospective sites for deep groundwater development. AAWSA and WWDSE carried out detailed 
geophysical and hydrogeological investigations (WWDSE, 2011). Based on the drillings of 17 
deep wells up to 500 m in depth, WWDSE (2011) reported the existence of deep productive 
aquifers in SWAWF, which was not known by AAWSA et al. (2000, 2002). Although the deep 
aquifer has highly productive nature, it should be noted that the sustainability of deep 
groundwater exploitation should be carefully examined using groundwater modeling technology 
with the viewpoints of groundwater balance and groundwater basin management. 

The drilling records and pumping test data provided by WWDSE (2011) showed very 
complicated geologic and hydrogeologic natures of deep basaltic aquifers even in local areas. It is 
also not easy to evaluate aquifer properties of deep uncased portions due to the constraints of the 
drilling technology. In addition, the deep aquifer properties have been revealed only in the limited 
areas in the Akaki River Catchment area. Considering these conditions, the author expanded and 
improved the previously constructed 3-D Akaki groundwater model (Shibasaki, 2011) to evaluate 
sustainability of deep groundwater exploitation. For the preparation of aquifer parameters, the 
practical methods to estimate transmissivity from specific capacity (Shibasaki, 1996, 1999) were 
employed. 

The simulation results of this study showed that the deep groundwater development in 
SWAWF will give additional impact to the groundwater heads even in the existing Akaki well 
field. Due to the deep exploitation, shallow groundwater table is also predicted to decline more 
than 2 m in a wide area around SWAWF. The possibility of groundwater pollution from Aba 
Samuel Lake to the deep aquifers may also increase. 

To avoid groundwater hazards caused by overexploitation and subsequent decline of 
groundwater levels, continuous groundwater level monitoring of shallow and deep aquifers is 
essential. AAWSA and relevant authorities should establish appropriate groundwater monitoring 
network to manage limited groundwater resources for sustainable use. 
 
6. Conclusions 

In this study, deep hydrogeology near existing Akaki well field was reviewed based on 
the deep drilling records by WWDSE (2011). From the individual drilling records, geophysical 
loggings, and pumping test data, three hydrogeological profiles were made in SWAWF to 
characterize properties of deep aquifers up to a depth of 500 m. Although the lithology of basaltic 
aquifers and resistivity values showed the complexity of aquifer properties, it was found that the 
natural gamma logs could provide key zone to correlate volcanic aquifer units. The s-Q plots of 
existing wells, existing Akaki production wells, and deep wells in SWAWF clearly characterized 
the productivities of the deep aquifer. The deep wells in SWAWF can be divided into 2 groups, 
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viz. low specific capacity group less than 100 m2/day and high specific capacity group more than 
500 m2/day. 

A 3-D groundwater model using MODFLOW (McDonald and Harbaugh, 1988) was 
created to evaluate the sustainability of deep groundwater exploitation. The model covers the 
southern part of Akaki River Catchment area with horizontal extent of 30 km in easting and 25 
km in northing. In the vertical direction, the model covers from 2500 m to 1500 m in elevation 
and has 38 layers to simulate 3-D groundwater flow system. Based on the existing geological map 
and the deep drilling records, 6 geological units are assigned to the model. Transmissivity maps 
of Nb and Lb units were made based on the specific capacity values of the existing wells and the 
deep wells. Appropriate boundary conditions were assigned to the model considering the actual 
hydrogeological conditions. 

Transient simulations for a period of 20 years were carried out using Scenario-1 
(groundwater is pumped from Nb aquifer unit by existing wells and existing Akaki production 
wells) and Scenario-2 (groundwater is pumped from Lb aquifer unit by the SWAWF deep wells 
and from Nb aquifer unit by existing wells and existing Akaki production wells). The simulation 
results showed that the maximum head difference of 6.1 m was predicted to occur at the northern 
part of SWAWF due to the deep groundwater pumpage by Scenario-2. Compared to the 
simulated heads of Scenario-1, the area of 20 km in NW-SE direction and 13 km in NE-SW 
direction is predicted to have additional drawdown more than 2 m by the deep groundwater 
exploitation. It is concluded that heavy pumpage from the deep aquifers will cause decline of 
shallow groundwater table. It is also predicted that the quality of deep groundwater will be 
affected by the induced seepage from Aba Samuel Lake. Proper groundwater monitoring and 
modeling are necessary to set permissible yield (Shibasaki and Research Group for Water 
Balance, 1995) for better groundwater management in Addis Ababa. 
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