Arabian Journal of Geosciences (2024) 17:96
https://doi.org/10.1007/5s12517-024-11886-8

ORIGINAL PAPER q

Check for
updates

Aquifer characterization and groundwater budget estimation
of the Upper Mille River catchment, Lower Awash Basin, Ethiopia;
an integrated approach for groundwater potential evaluation

Amanuel Godie Gigar'?® . Dessie Nedaw? - Belay Molla Sisay*>

Received: 21 March 2023 / Accepted: 24 January 2024 / Published online: 17 February 2024
© Saudi Society for Geosciences and Springer Nature Switzerland AG 2024

Abstract

The present study is conducted in the Upper Mille River catchment of the Lower Awash Basin in Ethiopia. The main aim
of the study is to investigate the groundwater potential of a complex fractured volcanic and unconsolidated Quaternary
sediment aquifer system using integrated hydrogeological approaches. To estimate the hydrological components of the
catchment, the soil water balance (SWB) method and Soil and Water Assessment Tool (SWAT) modeling techniques are
employed. The SWB method and the SWAT model indicate that the long-term average annual groundwater recharge of
the catchment is 105 mm and 150 mm, respectively, which accounts for 9.3% and 13.8% of the mean annual precipitation.
Conventional hydrogeological investigation techniques are used to evaluate the spatial variability and flow dynamics of
the groundwater system, as well as the various natures of the aquifers. Based on aquifer productivity, hydraulic conduc-
tivity, transmissivity, and discharge values, the aquifer system is classified into three different hydrogeological units: a
highly productive intergranular aquifer, a medium productive fractured aquifer, and a low-productive aquifer. Lithologi-
cal logs of deep boreholes, pumping test results, stratigraphic settings, water balance components, and the topographic
position of each unit are also used to classify the aquifers. Schematic hydrogeological cross-sections, total dissolved solid
(TDS) and electrical conductivity (EC) distribution maps, and groundwater head distribution contour maps are produced
using lithological logs of drilled deep boreholes, field-measured inventory water points, and water level measurements,
respectively. Based on converging evidence from geological, hydrogeological, and topographic settings, a conceptual
model that approximates the groundwater system of the Upper Mille River catchment is developed, and the groundwater
potential of the catchment is evaluated.
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Introduction

Ethiopia is believed to possess a significant amount of ground-
Responsible Editor: Amjad Kallel water resources that can be utilized for domestic, industrial,
and agricultural purposes, but its distribution is not uniform
across the country mainly because of the geological conditions
(Ayenew et al. 2008, Mengistu et al. 2019). The availability of
high rainfall, as well as favorable environmental conditions
such as topography and climate, might be contributing fac-
tors to the abundance of groundwater resources in Ethiopia.
According to Kebede (2012), Ethiopian aquifers can be clas-

P< Amanuel Godie Gigar
amanuelyd2010@gmail.com

Dessie Nedaw
dessie.nedaw @aau.edu.et

Belay Molla Sisay
belaymolla2009 @ gmail.com

1 Department of Geology, Wollo University, Dessie, Ethiopia sified into four major types: sedimentary, volcanic, metamor-
2 School of Earth Sciences, Addis Ababa University, phic, and unconsolidated sedimentary aquifers. The volcanic
Addis Ababa, Ethiopia aquifer is the most prevalent type, covering most of Ethiopia’s

Department of Geology, Debre Berhan University,
Debre Berhan, Ethiopia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-024-11886-8&domain=pdf
http://orcid.org/0000-0001-8097-104X

96 Page2of17

Arab J Geosci (2024) 17:96

landmass, with a highly diverse composition and stratigraphic
structure due to geological processes (Ayenew et al. 2008, Yit-
barek 2009).

Fresh groundwater is a critical resource that is highly val-
ued for its quality, year-round availability, and location near
areas of demand. Unfortunately, many regions are experi-
encing depletion or contamination of groundwater due to
over-pumping and other anthropogenic activities (Gorelick
and Zheng 2015). In Ethiopia, despite having abundant
groundwater resources, freshwater scarcity is a significant
problem in many regions, and it is expected to worsen in
the future due to population growth and economic develop-
ment (Abraha et al. 2022). Additionally, climate change may
exacerbate water scarcity by altering precipitation patterns
and increasing evapotranspiration.

Some parts of the Upper Mille River catchment were
studied by Demlie (2002) which focused on the hydrology
and hydrochemistry of the Hayk-Hardibo lakes system. The
study identified two major hydrostratigraphic units — Quater-
nary unconsolidated sediments and fractured volcanic rocks
— both with good permeability and transmissivity. However,
the volcanic units are considered poor aquifers due to their
morphological setting but serve as good recharge zones for
the Quaternary unconsolidated sediments that occupy low-
lying flat areas in the studied catchment (Sahele 2001).

The Ethiopian Rift’s volcanic aquifers have complex
groundwater flow, recharge, and geochemical evolution. The
geological architecture of the interface zone between the
high rainfall region in the plateau and the rift floor aquifers
is the single most important factor that controls groundwater
flow continuity (Kebede et al. 2008).

The Upper Mille River catchment has a diversified geol-
ogy, geomorphology, structure, and climatic conditions,
making it a complex hydrogeological system. Despite its
complexity, no detailed study on the characterization of the
hydrogeological behavior of the catchment is available. The
mechanism of groundwater flow, productivity level of aqui-
fers, and groundwater head distribution remain unknown. It
is also extremely important to know the extraction rate for
the sustainable use of groundwater resources. The occur-
rence, distribution, and movement of water vary greatly
depending on the nature of surface and subsurface materi-
als, and the existing geological structures.

As a result, the main aim of this study is to address and
improve the hydrogeological understanding of the study area
by paying special attention to the estimation of groundwater
recharge, characterization of the aquifer system, and ground-
water flow mechanism. Generally, converging evidences are
used to evaluate and assess the groundwater potential of the
catchment.

In this study, the groundwater recharge and other com-
ponents of the water balance were properly quantified using
two techniques — Soil Water Balance (SWB) method and
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Soil and Water Assessment Tool (SWAT). The SWB method
provided an average estimate of groundwater recharge for
the catchment, whereas the SWAT model (Arnold et al.
2012) was used to evaluate the surface water resources of
the catchment and estimate the semi-distributed groundwater
recharge to the aquifer.

On the other hand, a field inventory of different ground-
water and surface water points, along with secondary pump-
ing test data and previous hydrogeological reports, is utilized
to effectively classify the aquifers into distinct hydrostrati-
graphic zones. This process also serves to characterize the
hydraulic properties of the aquifer system, develop a concep-
tual hydrogeological model, and determine the groundwater
flow condition of the catchment.

Study area description
Location and biophysical characteristics

The Upper Mille River catchment is situated on the west-
ern margin of the Main Ethiopian Rift (MER) and is part
of the lower Awash basin. It lies at the border between the
Ambhara and Afar regional states, as shown in Fig. 1. In abso-
lute terms, it is entirely enclosed in Universal Transverse
Mercator (UTM) Zone 37P, between 0557969 and 0595777
east and 1236452-1300230 north, comprising a total area
of 1360 km?.

The topography of the catchment area, as shown in Fig. 2,
is highly variable, with elevations ranging from 1120 to
3640 m above sea level. It is characterized by flat-topped
plateaus and undulating terrain, with large volcanic moun-
tains forming water divides and acting as regional ground-
water recharge zones. The major rivers and their tributaries
have carved deep canyons and gorges into the highlands,
creating steep and narrow river valleys.

The slopes of the study area were classified into five
classes: 0-5, 5-15, 15-25, 25-35, and 35-76 degrees
(Table 1). The slope classification map (Fig. 3, left) indi-
cates that the majority of the area falls between 15 and 25
degrees. The drainage pattern of the river networks is gener-
ally dendritic to sub-parallel (Fig. 3, right), with two well-
known natural lakes, Lake Hayk and Lake Hardibo, covering
21 km? and 16 km?, respectively. Swampy or wetland areas
are also common, particularly near rivers and the two lakes.

Based on the FAO soil group classification, there are four
main classes of soil groups (Fig. 4, left): Eutric Cambisols
(CMe), Eutric Leptosols (LPe), Eutric Vertisols (VRe), and
Lithic Leptosols (LPq). One of the most significant factors
affecting a catchment’s water resource potential is its land
use/land cover (LULC). The watershed’s water balance
component is extremely sensitive to LULC. It is one of the
parameters in the SWAT model that influences the amount
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Fig. 1 Location map of the Upper Mille River catchment (DEM is added to show the phyisography of the area)

and area of groundwater recharge and runoff generation. The
LULC data for the area were obtained from the Sentinel-2
LULC map of Ethiopia with a resolution of 20 m. Accord-
ing to the LULC map (Fig. 4, right), eight land cover classes
cover the watershed: cropland, shrub cover areas, grassland,
tree cover areas, aquatic or regularly flooded vegetation,
built-up areas, bare areas, and open water bodies with dif-
ferent proportions (Table 2).

Geological and hydrogeological settings

The East African rift system comprises two major seg-
ments: the Kenyan or Gregory Rift and the Main Ethio-
pian Rift (MER) (Feyisa 2018). Within the last 200 Ma,
the initiation of continental flood basalt (CFB) magma-
tism is spatially and temporally related to the continental
break-up, which results in the oceanic crust formation.

The Oligocene-Miocene felsic volcanic strata (rhyolites
and minor trachytes) that cap the flood basalt sequences
are well exposed along Ethiopia’s western margin of the
southern Red Sea and the northernmost Main Ethiopian
Rift (MER). Currently, traps in Ethiopia form high pla-
teaus covering an area of approximately 600,000 km? and
resting on either Precambrian bedrock or flat-lying Meso-
zoic sedimentary rocks (Zwaan et al. 2020).

In order from the oldest to the youngest lithologic unit,
plateau basalt, plateau silicic, and shield volcanic have
been identified based on the research of many researchers.
Older volcanic and unconsolidated Quaternary sediments
are the two main types of rock units in the study area (P.
Mohr & Zanettin 1988; Williams 2016). From the oldest
(Ashange basalt) to the youngest (Tarmaber basalt), the
volcanic rocks in the region are lower basalt (Ashange),
middle basalt (Aiba), Kemise Rhyolite (Alaji), and upper
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Fig. 2 Physiographic (left) and profile section maps (right) along the lines A-B and C-D of the study area

Table 1 Areal coverage and percentage of slope classification particular, have a complex nature of lava flow that results

Number Slope class () Area (km?) Percentage in aqulfers. with highly varlabl.e primary porosity. After
of area (%) the formation of these rock units, the area has been sub-
jected to weathering and fracturing related to tectonics

! 0-5 326.7 24.9% since it is found on the western escarpment of the Main
2 >-15 437.0 33.3% Ethiopian Rift (MER), which gives rise to secondary
3 15-25 285.1 21.7% porosity. The flow and storage of these volcanic aqui-
4 25-35 178.9 13.6% fer groundwater systems is the result of double porosity,
5 35-76.8 85.8 6.5%

where both the matrix and the fracture porosity control
the productivity of the catchment.

The aquifers in Lower Awash can be broadly divided into
two categories: primary porosity aquifers and double poros-
ity aquifers. The first category includes aquifers related to
Quaternary alluvial and lacustrine deposits. The second
category comprises aquifers related to basaltic volcanics,
which are further subdivided into upper and lower basal-
tic aquifers. These two subcategories are separated by less
permeable, along fractured and weathered zones that are
otherwise impermeable, acidic volcanic. The alluvial and
lacustrine aquifers are found predominantly in the south-
east around Girana and Tisabalima towns and locally in the
northwestern part of the plain and along the main perennial
river courses. The alluvial and lacustrine deposits around

basalt (Tarmaber) (Hagos M. et al. 2016). The top of the
volcanic sequences is covered with unconsolidated Qua-
ternary material (Fig. 5).

Litho-hydrostratigraphy

Evaluating an area’s hydrodynamics requires an under-
standing of the hydraulic properties of rock units and their
geometric relationship to adjacent aquifer systems. The
hydraulic properties of the basin are highly dependent on
the nature and types of rock units and associated primary
and secondary geological structures. Volcanic rocks, in
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Table 2 Areal coverage and percentage of LULC classification

No. LULC types Area (km?) %

1 Cropland areas 834.3 61

2 Grassland areas 347 26

3 Shrubs cover areas 75.2 6

4 Tree cover areas 65 5

5 Open Water 344 2.5

6 Aquatic/flooded 0.92 0.8

7 Built-up areas 3.82 0.3

8 Bare land areas 0.04 0.003

Girana have a thickness of up to 80 m and are composed of
coarse sediments (WWDSE, 2011). Depth to static water
level varies from 3 to 45 m. The alluvial aquifers in the
southern part have a direct hydraulic connection with the
underlying basaltic main aquifer.

Materials and methods
Soil water balance (SWB) method

This study utilized data from seven meteorological stations
to analyze the water balance components of the catchment
(Table 3). Daily data from the National Meteorological
Agency (NMA) for 19 successive years (2000-2018) were
used for each parameter. The stations used were Bokeksa,
Hayk, Mersa, Sirinka, Urgessa, Werebabo, and Wuchale, all
located within and near the area.

Precipitation

To analyze the precipitation conditions of the watershed,
daily data from the seven stations were collected. Thies-
sen polygon maps were constructed, and the precipitation
of each station was calculated for that area. Finally, each
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Table 3 Estimation of mean annual precipitation using the Thiessen
polygon method

Station Prec (Pi) Area (Ai) Area (At) Ai/At Pi*(Ai/At)
Bokeksa 1090.4 184.9 1363.8 0.13563 1479
Hayk 1193.9 285.3 1363.8 0.20922 249.8
Mersa 988.2 253.6 1363.8 0.18595 183.8
Sirinka 1065.6 44.5 1363.8 0.03264 34.8
Urgessa  1155.8 193.9 1363.8 0.14219 1643
Werebabo 1172.9 203.1 1363.8 0.14893 174.7
Wuchale 1219.3 198.4 1363.8 0.14545 177.3
Total 1132.6

weighted precipitation was summed to estimate the total
average annual and the mean monthly (Table 4) precipita-
tion of the area. As shown below (Fig. 6), a high amount of
precipitation is recorded in August.

Temperature

The mean monthly temperature of the area reaches its low-
est value in November (16.34 °C) and increases until June
(20.41 °C). June is the hottest month, and the area has a
mean annual temperature of 18.20 °C (Fig. 6).

SWAT model setup

The SWAT model is a time-continuous, semi-distributed
watershed simulator that uses a daily time step (Arnold
et al. 2012). The model uses inputs such as DEM, LULC,
slope, meteorological data, river flow, and soil data.
The watershed is divided into sub-watersheds, which
are divided into hydrologic response units (HRUs). The
overlapping maps for soil, LULC, and slope serve as the
foundation for the semi-distributed SWAT model. Each
HRU is made up of particular classes of soil, slope, and
land use, and these classes share comparable hydro-
logic properties. This assumption of homogeneity varies
depending on the size of the watershed’s sub-basin. Thus,
a threshold region is chosen to identify streams and estab-
lish watershed and sub-basin boundaries (Megersa et al.
2019). To simulate the SWAT model, a 30-m-resolution
DEM was projected correctly and fed into the Arc SWAT
interface. The DEM was masked, and stream networks
were built using the supplied DEM. The streams that join
the Megenagna and Paso Mille, the two major rivers, were
considered when choosing the watershed outlet.

Table 4 Mean monthly precipitation of Upper Mille River catchment
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Fig.6 Mean monthly precipitation and mean monthly air temperature
of the catchment

The sub-watersheds and the watershed boundary were then
established based on the earlier identified outlet point. The land
use/soil/slope definition menu was used to load the LULC map,
slope, and soil to define the HRUs. Using proper look-up tables,
the slope map was reclassified into 5 classes with various slope
value ranges. The soil and LULC maps were also reclassified.
By collecting numerous HRUs from each sub-watershed, the
HRUs were defined. A threshold of 0% for land use, soil, and
slope was chosen in order to maximize the number of HRUs
(for higher accuracy). The daily weather dataset was used to
write the weather input file. The watershed is divided into 160
sub-watersheds based on each stream, which is further subdi-
vided into 3329 HRUs. Finally, the model run daily from Janu-
ary 1, 2000, to December 31, 2018, and the results were printed
on a monthly scale. The water balance component of the water-
shed is calculated and presented as graphs, tables, and figures.

In general, the study follows the following major activi-
ties and approaches (Fig. 7).

Result and discussion

Soil water balance method

Evapotranspiration

To calculate potential evapotranspiration (PET), we used

the Thornthwaite, C.W. (1948) method, which involves the
following formula.

Month  Jan Feb Mar Apr May Jun

Jul Aug Sept Oct Nov Dec

Mean 39.2 31.1 71.5 99.6 71.7 443

253 291.6 116.2 49.6 28.5 24.4
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a
Er = 1.66[ 1212 ]
where Et is the potential evapotranspiration in cm/month, 7,
is the mean monthly air temperature in (°C), b is the latitude
correction, and / is the annual heat index.

The mean annual PET (Fig. 8) is calculated to be
821.15 mm/year, with the maximum values occurring in
June (87.8 mm/month) and July (83.5 mm/month). Actual
evapotranspiration is calculated from PET, and the mean
annual AET (Table 5) is 775 mm/year. The lowest average
monthly actual evapotranspiration occurs in December and
January (Fig. 8) due to a soil moisture deficit.

Surface runoff

Estimation of direct runoff was carried out using the soil con-
servation services (SCS) curve number method (Ponce and
Hawkins, 1996) using the following formula:

_(P-0.25)2

0= (P +0.8S)

@ PET
90 —o—AET

mm / month

T T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Month

Fig.8 Mean monthly AET and PET calculated using the SWB tech-
nique

where S is the potential maximum retention after runoff
begins; Q is the volume of runoff in inches; P is the rainfall
depth in inches; thus, the mean annual total runoff of the
catchment is 251.5 mm/year.

Meteorology
DEM
L. . P Input data N Geology
o ? kool
Pumping Test Results
;Ij;f Physicochemical Data
SWAT Model |¢ | | WBMethod ! DATALocmmg
A4
Groundwater Budget Estimation Aquifer Characterization
-Precipitation -EC, TDS Map
-Evapotranspiration “Transmissivity Map
-Runoff -Hydraulic Conductivity Map
-Recharge Agquifer Classification
-Safe Yield Groundwater Flow Dynamics
_Sustainable Yield Conceptual GW Model Development
Groundwater potential Evaluation

Fig. 7 Flowchart of the methodology adopted for the present study
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Table 5 Mean monthly PET and AET of Upper Mille River catchment

Month  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
PET 54 61 62.1 72.7 79.7 87.8 83.6 76.8 73.3 63.5 53.4 53 821.15
AET 49.4 49.5 62.1 72.7 77.1 70.8 83.6 76.8 73.3 62.8 50.6 46.3 775 mm

Groundwater recharge estimation

Using the SWB method, the groundwater recharge was cal-
culated based on the following formula (Sophocleous, 1991):

Comparison of SWB and SWAT model results

The annual estimation of groundwater recharge for the
watershed has been calculated using the two methods,

Groundwater recharge = Precipitation—(Actual evapotranspiration + Surface runoff)

Thus, the mean annual groundwater recharge of the area
is determined to be 106.5 mm/year. This means that only
9% of the total mean annual precipitation (1132 mm) per-
colates through the subsurface and joins the groundwater
system.

SWAT model results

The results of the SWAT hydrologic model (Table 6) were
generated based on the input dataset as explained above.
The mean monthly precipitation, surface runoff, potential
evapotranspiration, and actual evapotranspiration of the
area follow a similar pattern as they are all dependent on
the volume of precipitation received by the catchment
(Fig. 9).

According to the SWAT model, the average annual
groundwater recharge in the area is 150.6mm, as shown
in Fig. 10. However, this estimate is rather inflated com-
pared to the recharge calculated using the soil water bal-
ance method. The reason for this discrepancy could be the
fact that the result has not been calibrated, as there are no
operational river gauge stations within or in the vicinity of
the Upper Mille catchment.

and the results are explained above. A comparison of the
values calculated using the two methods is presented in
Table 7.

Aquifer characterization

Agquifer characterization is an essential step in the develop-
ment and efficient management of groundwater resources.
During fieldwork, different groundwater and surface water
points are inventoried to characterize the hydraulic proper-
ties of the aquifer system. The field parameter measure-
ment inventorying is performed by taking the location of
water points using GPS. PH, electrical conductivity (EC),
total dissolved solids (TDS), and temperature were meas-
ured and recorded from deep boreholes, shallow hand-
dug wells, springs, lakes, and rivers (Table 8). Hydraulic
properties are investigated, and the aquifer is characterized
based on the hydrogeological data obtained from those
inventory points in conjunction with literature reviews.
The development and efficient management of ground-
water resources requires a good understanding of the hydro-
geological properties of the rocks that form the major aqui-
fer systems (Leap 1999). Aquifers in the Upper Mille River

Table 6 Average hydrologic

; Hydro- Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

parameters derived from the logic

SWAT model param-
eter
PET 549 579 1054 123.8 140.1 138.7 154.99 149.8 1314 1099 82.5 66.36 1316.2
AET 18.6 209 36.76 41.2 53.54 83.97 100.8 86.3 42.03 31.79 234 18.37 557.8
Surface 8.5 16.1 332 1625 24.68 51.55 5528 454 40.29 29.65 495 944 3353
run-
off
Inter 1.07 148 298 227 223 376 607 605 537 413 213 12 387
flow
Total 1083.2
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Fig.9 Mean monthly precipitation, runoff (left), and PET, AET (right) by SWAT model

Fig. 10 Average annual hydro-
logic components obtained from
the SWAT model
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catchment are broadely divided into two categories based on
the nature of porosity: aquifers that contain primary poros-
ity, and those that contain double porosity. The first com-
prises unconsolidated alluvial, colluvium, and intermountain
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Quaternary sediments in which the porosities were formed
during deposition of sediments. The second category of
aquifer includes volcanic rocks which contain primary
porosities such as columnar jointing, bedding plane, and



Arab J Geosci (2024) 17:96

Page110f 17 96

Table 7 Comparison of water balance components computed using SWB and SWAT model methods

SWB components

Methods Prec. PET AET Runoff Inter flow GW recharge
SWB 1132 821.15 775 251.1 0.00 106.5 mm
% of precipita- 72.5% 68.5% 22.2% 0% 9.4%
tion
SWAT model 1083.2 - 557.9 335.47 38.78 150 mm
% of precipita- - - 51.5% 31% 3.6% 13.8%

tion

Table 8 Fieldwork inventory points and the parameters measured for each point

Inventory types Number of points

Measured parameters

Springs 60
Hand-dug wells 6
Deep boreholes 30
Lakes 2

T, pH, TDS, yield(I/s), and elevation
T, SWL, pH, yield, and TDS

T, SWL, pH, yield, and TDS

T, pH, and TDS, elevation

vesicles formed during the time of rock formation, and later
on through time, these volcanic rocks have been subjected
to weathering and fracturing related to tectonics, giving rise
to secondary porosities.

Physico-chemical parameters

Physico-chemical parameters are of special emphasis for this
research work, including EC, TDS, and PH. These parame-
ters are measured at the inventory points (boreholes, springs,
lakes, and rivers), and a spatially distributed map was pro-
duced from point measurements. The EC (Fig. 11, left) and
the TDS (Fig. 11, right) values of the watershed range from
310 to 200 ps/cm and 200 to 1145 mg/l, respectively.

The pH of most water point measurements in the water-
shed ranges from 6.5 to 8.5. Lower pH values are meas-
ured on the highlands of the watershed, which indicates the
recharge area, whereas high pH was observed at the outlet
of the watershed. Generally, TDS, EC, pH, and temperature
values are higher in deep boreholes than in shallow hand-
dug wells and springs. Moreover, an increasing trend was
observed along the flow path.

Hydraulic properties of aquifers

To characterize and classify the aquifer system into different
hydrogeological groups, existing pumping test data, geologic
and hydrogeological maps, lithology obtained from borehole
logs, aquifer thickness, transmissivity, hydraulic conduc-
tivity, water table depth, geological structures, and surface
water features are synthesized. Hydraulic conductivity is a
measure of how easily water can pass through soils or rocks.

High values of hydraulic conductivity indicate a permeable
material through which water can pass easily; low values
of hydraulic conductivity indicate that the material is less
permeable. Various factors, such as rock type, primary and
secondary structures, degree of weathering, and stratigraphic
setting, can influence hydraulic conductivity. As observed in
(Fig. 12, left), a wide range of hydraulic conductivity values
(0.06—-17 m/day) were observed. Transmissivity is a measure
of the amount of water that can be transmitted horizontally
through a unit width by the full saturation thickness of the
aquifer under a unit hydraulic gradient (C.W. Fetter 2001).
The spatially distributed transmissivity map (Fig. 12, right)
was constructed by interpolating point values from borehole
data, which ranged from 2.44 to 1406 m?/day.

The hydraulic conductivity and transmissivity maps
show a similar pattern, in which unconsolidated sediments
have higher transmissivity and hydraulic conductivity
values. The wide range of values in hydraulic conductiv-
ity and transmissivity indicated the heterogeneity of the
catchment in terms of geology and hydrogeology.

Hydrogeological units

After integrating and synthesizing geological and hydrogeo-
logical data with general background knowledge, lithological
units that share similar hydrogeological characteristics are
grouped together as the same aquifer based on their produc-
tivity. Thus, the aquifer types in the area are classified and
mapped into three hydrogeologic units: high productive inter-
granular porosity aquifer, medium productive double porosity
aquifer, and slightly weathered and fractured low-productive
aquifer.
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Fig. 11 Spatially distributed EC (left) and TDS (right) map of the study area

The highly productive intergranular porosity aquifer is
composed mainly of unconsolidated lithological units of
alluvial, fluvial, and intermountain Quaternary sediments
with high hydraulic conductivity, transmissivity, and spe-
cific yield. These sediment units are found in valley and
graben fill areas, occupying the flat parts of the study area,
through which major rivers drain. The primary porosity of
these units is responsible for their high permeability, as they
are composed of coarse-grained sandstone to gravel-sized
sediments. As previously mentioned, due to the topographic
nature of this unit being in the flat and discharge area of the
catchment, it is highly advisable and recommended to drill
boreholes to obtain high amounts of discharge.

Based on borehole and spring discharge, conductivity, and
transmissivity values obtained from different drilling compa-
nies and water offices, the lower (Ashange) basalt is grouped
and mapped into a medium productive double porosity vol-
canic aquifer. The lower basalt is mainly found in the central
part of the study area, where its hydraulic conductivity and
transmissivity vary significantly. The unit is highly affected
by major NE-SW faults, which result in intense fracturing
and high permeability (Abebe B et al. 2007).

Some of the lithological units in the area are not productive
due to the lack of effective primary and secondary porosity,
which limits the permeability and conductivity of the aquifer
system. For instance, Tarmaber basalt, Aiba basalt, Kemise
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rhyolite, and swampy areas are grouped under low-productive
aquifers. The former two units (Tarmaber basalt and Aiba
basalt) are not productive as a result of their topographic set-
ting, although they are considerably fractured and weathered,
hence believed to be good potential aquifers. However, they are
used as groundwater recharge zones, especially along the rift
escarpment. Kemise rhyolite, on the other hand, is not produc-
tive due to the lack of effective primary and secondary porosity.
Swampy and wetland areas lack effective porosity because of
the presence of a high percentage of clay and silt. The area
around the lakes is also not a productive aquifer. As shown on
the map below (Fig. 13), the western corridor (recharge area)
and the eastern corridor (outlet of the Upper Mille River) of
the study area are predominantly covered by low porosity and
low permeability lithological units. As a result, it is not recom-
mended to expect and drill high-discharge boreholes in these
localities.

Groundwater flow system of the watershed

Several parameters are considered to determine the groundwa-
ter flow directions and to identify the recharge and discharge
areas in the catchment. These parameters include slope/gra-
dient and geomorphology, geological structures, groundwater
level, and physico-chemical parameters such as EC and TDS.
Groundwater head data is collected and used to create a map
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Fig. 12 Spatially distributed hydraulic conductivity (left) and transmissivity (right) map

that shows points having equal hydraulic heads. Perpendicular
lines are then constructed based on these contour lines, which
indicate the direction of groundwater flow in the aquifer system.

The ultimate source of recharge to the regional aquifer
is highland rainfall, which infiltrates into the fractured and
weathered volcanic rocks. Groundwater flows from the
southern and western corridors of the catchment area to the
central-eastern part of the watershed, following faults and
lineaments (Fig. 14). Based on this, it can be concluded that
the western and southern weathered and fractured highlands
act as recharge areas, whereas the central-eastern lowlands
are the discharge zones of the catchment.

Conceptual hydrogeological model

A conceptual model is a simplified diagram or hydrogeo-
logical cross-section that visually represents the ground-
water flow system. It results from the combination of
static factors (such as lithology and geological structures)
and dynamic factors (such as hydrology) (Anderson and
Woessener, 1992). Hence, the construction of groundwa-
ter models relies on the comprehension of the conceptual
hydrostratigraphic model, and the development of such a

model involves synchronizing data obtained from differ-
ent approaches such as field investigations (i.e., drilling
activities and/or geophysical surveys). By integrating evi-
dence from deep drilled boreholes, lithostratigraphic rela-
tionships, and physico-chemical parameters (pH, EC, and
TDS), the groundwater occurrence and flow in the Upper
Mille watershed can be conceptualized and represented in
a hydrogeological cross-section.

The first section (B-B') (Fig. 15) is constructed from east
to west, crossing the Tisabalima and Girana Quaternary
sediment deposits, where many boreholes are drilled. These
units are grouped under high porosity productive aquifers
in this study. As shown in the map below, the water flows
from the recharge to the discharge area, and the water level
follows the surface topography of the catchment.

The second section (A-A’) (Fig. 16) is constructed from
north to east only along the Quaternary unconsolidated sedi-
ment deposits. In the area, boreholes are drilled up to the
fractured basalt since they are the source of groundwater for
drinking and irrigation purposes. As observed on the map
below, the water level confirms that the groundwater flows
from north to east, as previously indicated by the constructed
groundwater flow map.
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Conclusion

The groundwater resource potential of the Upper Mille River
catchment was evaluated using various approaches and
methodologies, as discussed in each section of this research.
The region boasts a diverse and intricate topography, with
flatlands, ridges, mountains, and escarpments, all prevalent
in different parts of the study area.

The annual groundwater recharge of the area was esti-
mated using SWB and SWAT model techniques. Each water
balance component of the watershed was properly estimated
and quantified. According to the SWB method, the mean
annual precipitation, AET, and surface runoff are 1132.5
mm, 775 mm (69% of the total mean annual precipitation),
and 251.1 mm (22% of the total mean annual precipitation),
respectively. Additionally, the SWB method indicates that
the groundwater recharge of the watershed is 106.5 mm
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(9% of the total mean annual precipitation). Meanwhile, the
SWAT model output indicates that the mean annual precipi-
tation, AET, surface runoff, and groundwater recharge of the
watershed are 1083.2 mm, 558 mm (51.5% of the precipita-
tion), 335.5 mm (31% of the precipitation), and 150 mm
(13.8% of the precipitation), respectively.

The local lithostratigraphic units in the study have been
generally grouped into two rock types: older volcanic
(Ashange basalt, Aiba basalt, Kemise rhyolite, and Tarmaber
basalt) and younger unconsolidated Quaternary sediments
(alluvial, colluvium, aluvio-colluvial, and intermountain
sediments). The hydraulic properties and physico-chemical
parameters of the area were investigated. The transmissiv-
ity and hydraulic conductivity of the area range from 2.4 to
1407 m*day and 0.06 to 17 m/day, respectively. In addition,
the EC (310-1200 ps/cm) and TDS (200-669 mg/1) values
of the watershed generally exhibit an increasing trend from
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the western parts (recharge area) to the eastern parts (dis-
charge area) of the catchment.

The lithostratigraphic units were transformed into
hydrostratigraphic units, using data from field observations,
borehole lithological logs, pumping test results, and meas-
ured physico-chemical parameters. Similar hydrogeologi-
cal characteristics were used to group the lithostratigraphic
units together. Aquifer types are then qualitatively classified
and mapped into three hydrogeologic units: high productive
intergranular aquifer, medium productive double porosity
aquifer, and low-productive aquifer. Unconsolidated Quater-
nary sediments are grouped under high productive aquifers,
while Ashange basalt is classified as a medium productive
aquifer, and Aiba basalt, Tarmaber basalts, Kemise rhyolite,

and swampy areas are grouped under low productive aqui-
fers. However, it is important to note that the different aqui-
fer groups are hydraulically interconnected.

On the other hand, the conceptual groundwater flow model
of the catchment reveals that groundwater flows from the
eastern regions of the catchment, where there is more annual
rainfall and rugged terrain, to the discharge areas in the west-
ern regions (like the Girana and Tis Aba Lima valleys). The
groundwater resource in the Upper Mille catchment is replen-
ished by streams, runoff during the rainy season, groundwater
inflow from the highlands of the western margins, and direct
rainfall. The groundwater from the catchment is discharged
through base flow (groundwater outflow), springs and bore-
holes for irrigation and water supply purposes.
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Fig. 15 Schematic hydrogeological cross-section and groundwater flow map from recharge (B) to discharge (B’) area
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