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Abstract
Integrated Three-Layer Groundwater Flow Modelling for Resource Assessment and
Management for Part of the Upper Awash Basin, Central Ethiopia
Ephrem Tadesse
Addis Ababa University, 2026
Effective management of future groundwater resources relies on mathematical models.

This study presents a three-layer groundwater flow model for a segment of the Upper
Awash Basin, aimed at identifying aquifers suitable for long-term use without significant
depletion. Additionally, it offers a framework applicable to similar wellfields or areas.
The model incorporates a variety of datasets, including measurements of 222Rn and
Electrical Conductivity, resistivity soundings, hydrochemical and isotopic data, as well as
streamflow records from 11 gauging stations collected over periods spanning 8 to 20
years. Four primary aquifer units have been identified through geological and
hydrogeological assessments: the superficial deposit aquifer, the fractured Rift basalt
aquifer, the acidic rock units (aquiclude), and the confined scoriaceous basalt aquifer. The
superficial deposits and Rift basalt aquifers (layer 1) receive recharge from precipitation
and nearby streams, characterized by mixed CaHCOs or CaMgHCO3 water types with
low TDS (< 200 mg/l), a high Ca?*/Na* ratio (> 5), a low residual alkalinity (RA) (< 2.0),
enriched isotopic signatures, and a high deuterium excess of 13.3. Conversely, the
confined scoriaceous basalt aquifer (layer 3) is replenished by groundwater flow from the
adjacent Muger Watershed, part of the Blue Nile Basin, as well as from surrounding
highlands or escarpments. This is demonstrated by a high lineament density ranging from
0.96 to 3.0 km/km2, high TDS (> 468 mg/l), a NaHCOs3 water type, a low Ca®*/Na* ratio
(< 1.0), a high residual alkalinity (RA > 2.0), significantly depleted isotopic signals, and a
low deuterium excess of less than 11. The headwaters of both basins, parts of the Upper
Awash and Blue Nile Basins, are closely linked to aquifers, as evidenced by high ???Rn
and BFI values. The southern and southeastern areas act as the primary groundwater
outlet zones, exhibiting very high ?22Rn levels (ranging from 400 to 1467 Bg/m?3) and BFI
values (between 0.35 and 0.5). In contrast, the central plain area shows minimal
connection with values (?Rn < 100 Bg/m3) and correspondingly low BFI values.
Recharge rates calculated using the WTF and Darcy methods are 47.4 mm/y for the
unconfined aquifer and 59.2 mm/y for the confined aquifer. The model area spans 3,440



kmz2 and features a three-layer aquifer system composed of 113,825 active grid cells of
500 m x 500 m each. Utilizing Visual MODFLOW Flex, the model uses hydrogeological
conditions of the year 2025 and projects stress-based scenario simulations extending to
2055 to assess system dynamics for management purposes. Calibration, achieved through
a trial-and-error approach, exhibited a high degree of accuracy (RMS error: 9.16, mean
residual: 0.81 m, R2: 0.99). A water balance analysis confirmed a state of equilibrium
between inflows and outflows. Sensitivity analysis indicated that the unconfined aquifer
is particularly sensitive to changes in hydraulic conductivity and recharge, while the
confined aquifer responds to fluctuations in hydraulic conductivity and flux. Scenario-
based simulations after a steady-state calibration were conducted to assess aquifer
responses to various scenarios, including drought, pumping, and injection. During
drought conditions, recharge and flux were reduced by 50%, resulting in groundwater
level declines of 25.8 meters in the unconfined aquifer and 4.3 meters in the confined
aquifer. While river leakage inflow increased by 10.5%, outflows decreased by 43%. In
the pumping scenarios, which involved the use of 100 and 150 boreholes at a rate of 50
I/s, the unconfined aquifer experienced drawdowns of 50 and 85 meters, respectively.
Meanwhile, the confined aquifer experienced more modest declines of 2 and 4.2 meters.
River discharge was reduced by 23.3%, while inflows saw an increase of 16.13%. In the
fourth scenario, simulations involving the injection of water through 50 hypothetical deep
wells, with varied daily injection volumes, resulted in an increase in groundwater levels
by 1.05 to 4.45 meters. The water balance results indicated that higher injection rates
enhanced groundwater outflow to rivers while concurrently reducing river leakage into
the aquifer. The model simulations indicate that the regional confined aquifer (layer 3)
can sustain long-term water withdrawals while ensuring groundwater stability and
preserving its hydraulic properties. This study's model provides a framework for
evaluating other wellfields, promoting sustainable resource management, and assisting
policymakers in making informed decisions to safeguard the aquifer from long-term
depletion.
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surface water interaction, three-layer, Groundwater flow modelling, Ethiopia
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1. INTRODUCTION

1.1 Background

Groundwater, the largest freshwater resource on Earth, is vital as a climate-resilient water
supply for drinking, industry, and agriculture that sustains economies (Muller Schemed et
al., 2021). It is preferred as the best alternative to surface water because it naturally filters
as it percolates through layers of rock and soil, is resilient to seasonal fluctuations,
sustains Baseflow in rivers and wetlands, and requires less costly regulation infrastructure
than surface water (Zektser & Everett, 2004; MacDonald et al., 2021).

Groundwater is a crucial water source for many cities and towns worldwide (European
Commission, 2008; Dieter et al., 2018). It is the sole water source in countries like
Denmark, Malta, and Saudi Arabia. Furthermore, it meets over 70% of the water needs in
nations such as the Netherlands, Germany, and Austria, and approximately 80% in
Tunisia and Morocco. Groundwater is also heavily utilized for agriculture, with 45%
usage in the U.S. and up to 67% in Algeria. Many European cities, including Rome and
Budapest, rely entirely on groundwater for municipal drinking and domestic water. Cities
like Amsterdam and Brussels depend on it for more than half of their water consumption
(EEA, 2019; UN/UNESCO, 2022).

Groundwater resources in Africa are crucial for socioeconomic development (Grey &
Sadoff, 2007; Foster et al., 2012). Hydrogeological studies indicate that Africa has
significant groundwater reserves, with an estimated total storage of around 0.66 Million
cubic kilometers (Mkm3) (MacDonald et al., 2012; World Bank, 2018a; MacAllister et
al., 2020). While climate change may impact surface water, it is unlikely to affect
groundwater negatively, as recharge relies on strong rainfall events expected to increase
in frequency (Cuthbert et al., 2019a).

Africa is expected to increasingly rely on groundwater as a reliable source of water
supply (Giordano, 2009; MacDonald & Calow, 2009; UNEP, 2010; Gaye &

Tindimugaya, 2019). However, the sub-regions that stand to benefit the most from



groundwater resources will differ due to variations in recharge rates, aquifer storage, and
aquifer permeability. Important factors such as aquifer storage, recharge capacity, and
the resilience of groundwater systems to climate change will all play vital roles in
determining future water security. Besides, Sub-Saharan Africa has much potential for
developing groundwater, but several challenges prevent its regular use. Many of these
problems are similar across countries, with the main issue being that policymakers do not
pay enough attention to groundwater (WHO/UNICEF, 2021). Even though some nations
around the world started creating hydrogeological maps and groundwater databases in the
1970s and 1980s, these are still rare in Africa, including Ethiopia. Only a few countries
regularly check the quality and amount of their groundwater, which is an important first

step in managing this resource (IGRAC, 2020).

In Ethiopia, over 60 % (about 469,000 m%/d) of Addis Ababa's water supply comes from
groundwater. Furthermore, many regional cities, rural towns, and villages, as well as
almost every community within a 100-kilometer radius of Addis Ababa, depend mainly
on groundwater. However, there is almost no experience in monitoring its quality and
quantity or in creating a database for this information (ECDSWC-WEDSWS, 2017).
Ethiopia has realized that developing its groundwater resources is crucial to the nation's
economic growth, poverty alleviation, environmental preservation, and climate change
adaptation over the last two decades. Owing to the country's fast population growth,
groundwater serves as the main source of water, and several water supply wells have
been drilled, including areas within the present study area that are intended for irrigation

development.

Since 1997, hydrogeological investigation for Awash and the nearby Blue Nile Basins
has been advanced from a conventional technique to a recent integrated approach by
different researchers (Cherinet, 1997; BCEOM, 1997; Kebede et al., 2005; Alemayehu,
2006; Kebede et al., 2007; Ayenew et al., 2007; Ayenew et al., 2008; WWDSE, 2008;
Azagegn, 2008; Demlie et al., 2008; Yitbarek, 2009; Tesfaye, 2009; Rango et al., 2010;
Bretzler et al., 2011; Furi, 2011; Kebede & Travi, 2012; Yitbarek et al., 2012; Kebede,
2013; Azagegn et al., 2014; Azagegn, 2015; Kebede et al., 2016; Berehanu et al., 2017;
Berehanu et al., 2018; Kebede et al., 2021). Aside from such comprehensive studies, the



lack of relevant groundwater-related data meant that only a few numerical simulations
were run in some areas of the Country to examine the groundwater system's response to
various conditions, like the Akaki watershed (AAWSA, 2000; Ayenew et al., 2008),
Ada‘a plain (WWDSE, 2009), Kobo-Raya valley (WWDSE, 2010), and Upper Awash
Basin (Yitbarek et al.,, 2012 & Azagegn, 2015) are limited practices of numerical

modeling.

While future groundwater management will increasingly rely on calibrated mathematical
simulation models that account for the inherent variability in aquifer properties, recharge
rates, and groundwater withdrawals (Cook, 2003; Lubczynski & Gurwin, 2005), it is
essential to have a comprehensive understanding of aquifer characteristics (Anderson &
Woessner, 1992). The response of an aquifer is significantly influenced by the spatial and
temporal variation of its parameters, boundary conditions, and the stresses it experiences.
This study uses a quasi-3D finite difference visual MODFLOW flex code (Waterloo
Hydrogeologic, 2011) to estimate the available groundwater resources in the area with
greater accuracy in defining aquifer parameters, leading to more efficient modeling
outcomes. Thus, the main purpose of this research is to develop the area-specific (Becho
plain/Melkakunture catchment) hydrogeological conceptual model and simulate a three-
layer stress-based scenario simulation for part of the Upper Awash Basin to determine the

optimum rate relevant for sustainable utilization without environmental impacts.

1.2 Description of the study area

The study area encompasses significant portions of the Upper Awash Basin and the
adjacent eastern edge of the Blue Nile Basin, specifically known as the Melkakunture and
Muger Watershed. These regions are recognized as hydraulically interconnected systems,
as thought by various studies (Kebede et al., 2007; WWDSE, 2008; Yitbarek et al., 2012;
Azagegn et al., 2014), covering a total area of 9,200 km?. It is situated at the western edge
of the Main Ethiopian Rift (MER) system and partially within the northwestern plateau,
which is defined by the following geographic coordinates. 37° 57°19.36”E to 38°
50'58.57"'E longitude; 8° 26746.11°N to 9° 50"14.42""N latitude; and at an elevation

between 2050 and 2850 m.a.s.I (Figure 1.1a). The main criteria used to define the



boundary of the study area by excluding the Akaki catchment are for its better aquifer
stratification, less urban impact, limited prior studies, and better-defined boundaries,
making it ideal for three-layer groundwater modeling, which will be gradually extended
to nearby or other well fields.
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Figure 1.1 Study area and available data. a) Study area location, b) Meteorological, River
/ Stream gauge stations, and groundwater chemistry data c) Data related to water supply
boreholes, springs, stable isotopes, and geophysical resistivity, and d) A long term (1981
to 2015) mean monthly flows from the two adjacent Upper Awash (Melkakunture

station) and Blue Nile (Muger station) Basin outlets.

There is a clear relationship between the local weather and topography variations.
According to the Isohytal and Theisen polygon estimation techniques, part of the Upper
Awash Basin (PUAB) and part of the Blue Nile Basin (PBNB) receive an average of
1113 mm and 1326 mm of precipitation, respectively. The annual average temperature
varies from 15.7 °C to 18.7 °C and 12.5 °C to 15.5 °C in the same sequence. There are

two different rainy seasons. The spring rainy season, which occurs from April to May,

4



and the summer rainy season, which extends from June to September. The two nearby

watersheds' drainage networks were governed by a multitude of tectonic faults and

fractures (Figure 1.1b).

The significant topographic variation of the area reveals different historical evolutionary

mechanisms. Physiographically, the study area (part of the Upper Awash Basin, PUAB)

IS characterized by a broad, semi-circular valley plain in the middle, hilly ridges in the

northwest, and volcanic centers on its eastern and southern borders. Conversely, Deep-cut

gorges with flat-topped hills are typically prominent landscapes for the adjacent eastern
flank of the middle Blue Nile Basin (Figure 1.2).
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Figure 1.2 Study area physiographic setting

1.3 Statement of the problem

Various researchers have investigated the upper Awash Basin groundwater system, and

most studies indicate that the main groundwater recharge zone is primarily from the

plateau via existing geological structures and inter-basin groundwater transfer from



adjacent sub-basins. Besides, the upper Awash basin's groundwater system and the
anticipated research area are highly confined within the complex fault system, and
knowledge from drilled and tested deep/shallow wells (WWDSE, 2008-2014) illustrates
that different lithologic units characterize the geological setting of the research area. Due
to the existing fault systems, their lateral and vertical setting vary from place to place,
which requires due attention to characterize their hydraulic character together with their
response to the over-pumping as well as recharge variability related to climate change for

sustainable utilization.

High demand and extraction of groundwater in the area for multiple uses, including the
implementation of irrigation using groundwater as a source in the central plain portion of
the Upper Awash Basin, due to rapid urbanization and industrialization with enhanced
population growth, necessitate area-specific scientific, detailed groundwater resource
evaluation, which motivates the study and research work over there. To manage such a
resource, detail investigation works like understanding the spatial and temporal
distribution of groundwater, its dynamics, mechanisms, and rate of recharge, surface
water and groundwater interactions with quantitative and qualitative determination, and
the response of the aquifer to various stresses (Climate variability and excessive

abstractions) is exceptionally important for sustainable utilization and management.

Furthermore, recent researches were carried out mainly for the upper Awash Basin,
including the anticipated research area, relatively at a small scale, and most of the
simulations were carried out for steady-state lamped single-layer aquifer systems rather

than multiple layers of stress-based scenario simulations for resource management.
1.4 Objectives

1.4.1 General objective

The main objective of this study is to develop and apply a three-layer conceptual and
numerical groundwater flow model of part of the Upper Awash Basin to characterize the
groundwater system, quantify recharge and inter-aquifer fluxes, and evaluate

groundwater response under different development scenarios.



1.4.2 Specific Objectives

The specific objectives include;
= To develop an area-specific hydrogeological conceptual model for part of the
Upper Awash Basin by integrating geological, geophysical, hydrochemical,

isotope, and hydraulic data.

= To construct a three-layer numerical groundwater flow model representing the

major aquifer systems and hydraulic boundaries.

w To calibrate the model under steady-state conditions using observed

groundwater heads and stream—aquifer interaction data.

= To quantify groundwater recharge, inter-aquifer fluxes, and water balance

components.

w To evaluate groundwater system response under different abstraction and

management scenarios, supporting sustainable groundwater use.

1.5 Research Questions/Hypothesis

1.5.1 Major research question

Can the stress-based groundwater flow simulation for a three-aquifer system be utilized

sustainably for future management purposes?

1.5.2 Specific Research Questions

The following specific research questions are pointed out to meet the proposed
objectives;

i) What are the hydrogeological characteristics and hydraulic connectivity of the three

major aquifer systems in the part of the Upper Awash Basin?

ii) How does groundwater recharge vary spatially across the area under current climatic

conditions?

iii) What is the contribution of rivers and inter-aquifer flow to the overall groundwater
budget?



iv) How does the groundwater system respond to increased abstraction scenarios under

steady-state assumptions?

v) Which aquifer units are most suitable for long-term groundwater development with

minimal risk of depletion?

1.6 Significance of the study

Currently, large-scale mathematical simulation models with in-depth hydrogeological
knowledge are increasingly used in groundwater management. For sustainable and
efficient groundwater resource development and management, it is essential to
thoroughly characterize the groundwater dynamics, including the understanding and
quantification of groundwater transfer from the nearby watershed and the aquifers'
response to the inherent climate variability in such high-demanding areas for various

uses.

The Ministry of Water and Energy (MOWE), the nation's accountable public body,
would benefit from the data and expertise this study will provide for the execution of
groundwater resources management. Furthermore, the results of this area-specific
research also maximize the outputs of earlier studies, may readily be used for sustainable
exploitation of the groundwater, and initiate similar models to be done in different

wellfields as a management tool.



2. LITERATURE REVIEW

Various geological and hydrogeological investigations have been carried out so far in the
Awash and its adjacent sub-basins to determine mainly the litho-structural setup, aquifer
characteristics and their distribution, source mechanism, and rate of recharge for different
aquifer types, groundwater discharge zones, inter-basin groundwater transfer, and the
overall groundwater dynamics of the area. Consequently, related articles, maps, and

reports in the area have been reviewed.

The Ethiopian highland is divided into eastern and western provinces during the
Cenozoic era of MER evolution, resulting in topographic uplift, graben formation, and a
network of major faults striking West-East (W-E), North-South (N-S), Northeast-
Southwest (NE-SW), and Northwest-Southeast (NW-SE). As a whole, Plateau and MER
are the two intricate regions that control the overall groundwater flow system (Assefa,
1991; Abebe, 1995; Melaku et al., 1996; BCEOM, 2000).

As the study area is part of the Upper Awash and Blue Nile Basins, it has geologically
evolved from three main phases, (i) the pre-sedimentation phase involving peneplanation
of basement rocks, (ii) the sedimentation phase including deposition of thick Mesozoic
sediments represented by repetitive marine transgression and regression, and (iii) post-
sedimentation phase involving emplacement of extensive Tertiary to Quaternary bimodal
volcanic rocks and associated sediments (Assefa, 1991; Tefera et al., 1996; Abebe et al.,
1999; Wolela, 2008; Wolela, 2009; Gani and Abdelsalam, 2006; Gani et al., 2008).

The litho-structural and morphologic development of the study area was related to the
two major episodes of extensional tectonics affecting the Horn of Africa during the
Phanerozoic Eon. The earliest episode is marked by the deposition of a more than 1400m
thick sedimentary sequence consisting of siliciclastic, evaporite, and calcareous rocks
along the northwestern trending Mesozoic basin, commonly referred to as the Blue Nile
Basin. These rocks comprise a complete cycle of transgressive and regressive

environments of sedimentation in a Rift basin.



According to previous studies (Kazmin, 1979; Assefa, 1991; Gani et al., 2008),
sedimentation started in the early Triassic (251 million years ago) and ended in the early
Cretaceous period (145 Ma). After that, an enormous epirogenic uplift of Afro-Arabia
took place after early Tertiary transgression from the southeast, and a classic continental
flood basalt province was formed as a result of the decompression melting of a mantle
plume, which produced massive amounts of basaltic magma in the lithosphere and caused
the huge uplift. This abundant volcanic outpouring was taking place between 31 to 29 Ma
(Pik et al., 1997).

The Trap Series of flood basalts of the Ethiopian plateau is the result of the uplifted crust
fissuring under stress, which allowed massive amounts of basaltic magma to ascend. This
event was followed by shield-volcano-building episodes from 23 Ma to 11 Ma. Again, in
the southern part of the northwestern plateau, products of the shield volcanoes were
followed by the fissural eruption and grouped under the Tarmaber-Megezez formation.
They are made of lenticular, often zeolitized, alkali basalts with a large volume of tuffs,
scoriaceous lava flows, and peralkaline rhyolites with a maximum thickness of 1,000
meters. In general, the geological setting of the area is represented by two major litho-
stratigraphic units, namely the Mesozoic sedimentary rocks and Tertiary to Quaternary

volcanic rocks, with minor superficial deposits.

It is mentioned that the sedimentary rocks were affected by predominantly NW-SE, and
rarely by NE-SW trending normal faults with throws ranging from a few cm to tens of
meters. The separation increases progressively up in the sequence to a maximum of 80
meters in the Upper Sandstone, and the fault zones range from a few cm to a few tens of
meters (Abebe et al., 1998), and the sequences are cross-cut by N-S, NE-SW, and NW-
SE trending fractures.

A common technique for assessing the groundwater resource is the geophysical vertical
electrical sounding method, which is applied based on measuring the rock resistivity of
the subsurface geologic units to describe the existence and distribution of permeable and
impermeable layers (Singal & Gupta, 1999; Kovalevsky et al., 2004). Thus, the impact of
porosity, water saturation, and clay content on geologic units is the key factor. The most



crucial factor in geophysical electrical exploration for groundwater assessment is
adequate electrical resistivity contrast, which provides the geophysical response of the
subsurface geologic units. The number of layers, their thicknesses, and their resistivities
are typically the results of vertical electrical soundings (VES) conducted on a horizontal
or almost horizontally layered earth. Thus, evidence from the VES study was
accompanied by information from available boreholes used to identify the spatial
distribution of aquifer units. The basic principle behind the VES approach is the linear
arrangement of four electrodes. two currents and two potentials. To reflect the average
resistivity of the deeper geological formations, the electrode spacing is progressively

extended during the survey to penetrate further into the subsurface.

Several deep wells were drilled and tested at different localities of the Upper Awash
Basin to determine the groundwater dynamics, aquifer distribution, mechanism of
recharge, and quality and quantity of groundwater resources (WWDSE, 2008-2014).
Preliminary analysis of data from available deep wells within and surrounding the
anticipated research area shows that the deep scoriaceous basaltic aquifer is a confined
aquifer, with the confinement of the aquifer varying from 190m to 290m, which is
verified at the different sites. Deep wells, having penetrated the lower scoriaceous
basaltic formation, have a water level above the surface of the earth (overflowing wells)
or less than five meters with a very high transmissivity (>1000 m?/day). Geological
and/or hydrogeological cross-sectional view based on information from the deep
exploratory wells along the groundwater flow direction of the Upper Awash Basin
illustrates that the scoriaceous basalt is exposed to the surface in the northern and
northwestern parts of the Blue Nile Basin, and the downstream part of the Upper Awash
Basin (locally known as Becho plain). It lies beneath the acidic units (rhyolite,
ignimbrite, tuff), and rift basalt and superficial deposits of more than 250 meters. In
general, at the western, southern, and eastern portions, the scoriaceous basalt is overlain
by rhyolite, Rift ignimbrite, trachybasalt, tuff, Rift basalt, and alluvial deposits, with their
thickness varying at places.

Major investigations carried out in the Awash Basin and its adjacent sub-basins of the

Blue Nile Basin using hydrogeological field data analysis, construction of litho-



hydrostratigraphic correlation, major ion hydrochemistry, and environmental isotopes
(Melaku, 1982; HALCROW-EVDSA, 1989; Kebede et al., 2005; Ayenew, 2007; Kebede
et al., 2007; Ayenew, 2008; Demlie et al., 2008; WWDSE, 2008; Yitbarek et al., 2012;
Azagegn et al, 2014; Azagegn, 2015; & Furi, 2011) provided that the occurrence and
flow of groundwater from the plateau to the Rift floor is strongly controlled by the
geological structures, type of lithology and geomorphological setup. On the other hand,
the lithohydrostratigraphic correlation indicates that the permeable and porous
scoriaceous deeper basaltic aquifer is extended laterally from the Blue Nile Plateau to the
Awash River destination, Lake Abbe (Rift floor), and overlain by spatially varying thick

ignimbrite, tuff, and rhyolite, as well as basaltic lithological formations.

Besides, evidence from isotopic signatures of water (§*20, §%H, 3H, '“C), major element
geochemistry, and stable isotope of carbon (5'3C), together with construction of
lithostratigraphic relationships from deep water supply wells reveals the inter-basin
groundwater transfer from Blue Nile basin to upper Awash basin, which depends
basically by the nature of the bounding faults (Kebede et al., 2007, Yitbarek et al., 2012;
Azagegn et al., 2014). It is further noted that the recharge condition, groundwater flow,
and aquifer parameters in the upper Awash basin are significantly influenced by the
general bedding of the sedimentary formation underlying the volcanic units (WWDSE,
2008).

Despite high rainfall in the area, the most recent long-term flow data for the two nearby
watersheds at the representative outlet stations show that the Muger station in the
adjacent eastern flank of the Blue Nile Basin outlet records extremely low flow during
the typical dry seasons (BCEOM, 2000). Meanwhile, a high flow is recorded at the
PUAB's outlet (Melkakunture) station. Field observations at these stations during a
typical dry period show that there is a strong flow at Melkakunture station, indicating a
significant groundwater outflow from the eastern flank of the Blue Nile Basin to Awash
Basin, and a low flow at Muger station, which is attributed to flow limited to river bed
sediments and further to the underlying sandstone or limestone units (Figure 1.1d). It is
further supported by the evidence that limestone and sandstone strata from parts of the
Blue Nile Basin dip slightly into the Awash Basin (Kebede et al., 2007; Gani et al., 2008;



WWDSE, 2008; Yitbarek et al., 2012; Azagegn et al., 2014), which illustrates that the

Awash Basin receives groundwater from a significant portion of the Blue Nile Basin.

The most recent investigation (Tadesse et al., 2023; Tadesse et al., 2024) was carried out
to determine the link between aquifers and surface water and to identify the recharge
zones of major aquifers in a section of the Upper Awash Basin. The study of
groundwater-surface water interaction dynamics combines environmental tracers (*?’Rn,
8H, 580, and EC), BFI, and lineament density to infer the exchange dynamics between
surface water and groundwater. The results reveal that the primary effluent zones are
located in the headwater regions of both basins, particularly along the surface water
divide between sections of the Blue Nile and Upper Awash basins. Besides, the southern
and southeastern periphery (PUAB outlet) is identified as the main regional groundwater
discharge zone. Rivers and streams within the central plains of the Upper Awash Basin

display limited or no interaction between groundwater and surface water.

Furthermore, the identification of recharge zones employs an integrated approach that
incorporates  lithohydrostratigraphic ~ analysis,  lineament  density =~ mapping,
hydrogeochemical data, and stable isotopic data. Findings indicate that superficial
deposits and Rift basalt aquifers are primarily replenished by modern precipitation and
nearby streams or rivers through fractures. Meanwhile, highland and transitional regions
emerge as key recharge zones for the regional confined scoriaceous basalt aquifer.
Additionally, the results highlight groundwater flux originating from the adjacent eastern
flank of the Blue Nile Basin. This comprehensive approach provides valuable insights
into hydrological connectivity and supports effective water resource management

strategies.

Due to a lack of relevant hydrogeological data, numerical groundwater flow modeling
practices are rare in the country. However, few groundwater simulation models have been
carried out for the investigation of groundwater dynamics in the Upper Awash Basin

(Yitbarek et al., 2012; Azagegn, 2015), as a groundwater resource evaluation in Ada’a



Plain (WWDSE, 2009), Kombolcha-Kobo-Girana-Raya Valleys (WWDSE, 2010;
ECDSWCO, 2016), and Akaki catchment (Ayenew et al., 2008; AAWSA, 2000).

Such single-layer numerical modeling works under steady-state conditions are excellent
initiation for further activities in different basins or areas of the country, if relevant
hydrogeological data is obtained. Despite possessing extensive knowledge of the region,
large-scale, area-specific research, including groundwater flow simulation that considers
a multi-quifer system, is critical for the sustainable use of the groundwater resource in
such extremely demanding areas. Developing a strong hydrogeological conceptual model
and understanding the groundwater flow system are key. This involves analyzing
subsurface lithohydrostratigraphy, aquifer parameters, recharge/discharge areas, recharge
rates, and aquifer-surface water interactions. Given the variability of volcanic aquifers,
obtaining well-calibrated modeling results is vital for groundwater evaluation. These
results guide optimal extraction rates to ensure sustainable use and minimize

environmental impacts.

In general, characterization of various lithologic units with their hydraulic properties,
along with the exploration of unknown groundwater sources across different subsurface
lithologic formations, is critical in central Ethiopia. The high demand and extraction of
groundwater, particularly to support water supply for Addis Ababa and its surrounding
towns, alongside planned irrigation initiatives in the area, necessitate a comprehensive
and scientifically detailed evaluation of groundwater resources. The rapid urbanization
and industrialization, coupled with significant population growth, further emphasize the
need for such studies. To effectively manage these resources, detailed investigations are
essential. This includes understanding the spatial and temporal distribution of
groundwater, assessing its dynamics, recharge mechanisms, and the interactions between
surface water and groundwater. Evaluating both quantitative and qualitative aspects, as
well as how aquifers respond to climatic extremes such as droughts and human-induced

impacts like excessive abstraction, is paramount for sustainable use and management.

This large-scale (area-specific) research aims to provide detailed results that enhance the

findings of previous studies through quantitative experimentation. The insights gained



will be invaluable for groundwater development and management, promoting sustainable
and environmentally sound water resource utilization practices. Considering future
demands, it is important to quantify groundwater gains and losses within the central plain
portion of the Upper Awash Basin. The practices derived from this study can be
effectively applied to adjacent well fields, including Akaki, Legedadi-Legetafo, South
Ayat-North Fanta, and Ada’a, in the future.



3. METHODOLOGY AND MATERIALS

For sustainable utilization of the groundwater resource, integrated scientific
methodologies were employed to simulate a three-layer groundwater flow system under
both steady and stress-based scenario conditions. This study incorporated pertinent
secondary data from earlier studies, supplemented by additional field data (including
sampling, testing, and mapping) to address data gaps. Major aquifers, their recharge area,
and their link with surface water were defined using data from geology, litho-
hydrostratigraphic concepts, hydrogeochemical, isotopic, and geophysical electrical
surveys as supportive evidence.

3.1 Methods

3.1.1 Geology

Before conducting fieldwork, a comprehensive geological and structural characterization
of the area was established by integrating existing geological maps of varying scales.
This process involved several systematic steps.
e Gathering all available geological maps, reports, and datasets from various
sources.
e Ensuring that all maps are compatible in scale.
e Dereferencing the maps to align with a common coordinate system.
e Review the geological attributes (such as lithology, structure, age, etc.) present on
each map.
e ldentifying and verifying geological contacts, faults, and lineaments.
e Merging geological data from multiple sources into a cohesive geological model.
e Applying geostatistical methods (such as Kriging or inverse distance weighting).
e Conducting quality checks to confirm that the harmonized map accurately
represents the geological features.
e Detailing the methods employed for harmonization, including any assumptions
made, sources of data, and limitations of the integrated map.



e Visualizing and finalizing the project by creating the final harmonized geological
map, using appropriate color coding and symbols to depict the various geological
units.

Ground checking (verification) was carried out using GPS based on a synchronized map
with special emphasis on geological contacts and structures (lineaments, fractures, and
faults) along predefined traverse routes and accessible sites. Lineament patterns of the
area were extracted from the Digital Elevation Model (DEM) at a 30-meter resolution
using Geomatica (Version 17) software, with some manual corrections. Lineament
density zones were then created using these patterns as input features through a simple
Kriging interpolation technique in the ArcGIS environment. This analysis was used to
examine the role of geological structures in the groundwater flow system, including flow
direction, relationships among aquifer units, aquifer-surface water links, and groundwater
recharge in the area. After verification, spatial geological information was incorporated
and calibrated against existing wells' lithological log data (60 lithologic logs) (WWDSE,
2008) to define the subsurface geometry (litho-structural setup). Additionally, a detailed
geological map, along with various geological cross-sections, was prepared to understand

the distinct geological setup of the area.

3.1.2 Hydro-meteorological study

Meteorological data from the past 22 to 30 years (Table 3.1), mainly precipitation and
temperature, were collected from 15 stations (nine from part of the Upper Awash Basin
and six from the nearby Muger watershed). Additionally, the Ministry of Water and
Energy (MOWE) provided the most recent records, which ranged from 8 to 20 years, for
the river or stream flow from 11-gauge stations (Seven stations from a portion of the
Upper Awash Basin and four stations from the nearby Blue Nile Basin) (Figure 1.1b). In
this study, the missing meteorological data were addressed using a normal ratio method,
which adjusts rainfall estimates based on long-term averages from nearby stations. To fill
short gaps in streamflow data, a linear interpolation technique was employed.
Additionally, geostatistical methods such as kriging were applied to characterize the

spatial distribution of both meteorological data and streamflow. These techniques



effectively capture the physiographic variability of the basin, thereby enhancing the
reliability of hydrological assessments. The meteorological and river flow data were
primarily utilized to estimate the recharge rate and investigate the interaction between
surface water and aquifer systems. Soil types, land use, and land cover data were also
used from modified FAO land use/land cover and soil maps of Ethiopia (FAO, 1984).

Table 3.1 Meteorological stations and measured variables (Data source: NMA, 2020)

. ' Location Recorded Climate data
Sub-Basin Stations name Year
P|T|RH| WS | SSH
UTME | UTMN From | to
Adisalem 428211 | 997135 | 1990 | 2018 S R R A
Holeta 444752 | 1002284 | 1990 | 2012 R
Inchini 431816 | 1029227 | 1990 | 2018 \
PUAB Ginchi 406476 | 997957 | 1990 | 2015 |
(Melkakunture | Ambo 373101 | 992333 | 1990 | 2019 v
Watershed) | sepeta 457742 | 985269 | 1990 | 2017 | N [N |V [~V |V
Bantu-Liben 430498 | 951471 | 1990 | 2018 v
Boneya 460661 | 974417 | 1990 | 2019 N
Tulubolo 414028 | 957166 | 1990 | 2019 v
Kachise 373073 | 1061872 | 1990 | 2017 N
Gebreguracha | 435938 | 1084415 | 1990 | 2019 |
PBNB (Muger | Debretsigie 480388 | 1070921 | 1990 | 2019 |
Watershed) | Entoto 470626 | 1003122 | 1990 | 2020 v |V
Suluta 473744 | 1015433 | 1990 | 2019 v |V
Chancho 473106 | 1028933 | 1991 | 2019 v |V

N.B: P-Precipitation, T-Temperature, RH-Relative humidity, WS-Wind speed, SSH-Sunshine
hours, and V - symbol refers to available data

3.1.3 Geophysics

Evidence from geophysical electrical resistivity prospecting was added to the geological
and hydrogeological description to support the spatial distribution of aquifer units. One
of the most useful techniques for electrical prospecting is geophysical vertical electrical
sounding, which uses the electrical characteristics (resistivity) of rock and soil units to
identify aquifer zones. The fundamental principle behind the vertical electrical sounding
(VES) approach is that a set of four electrodes, two currents, and two potentials are
arranged in a linear configuration employing a Schlumberger array. During the survey,

the electrode spacing is gradually increased to penetrate deeper into the subsurface to



reflect the average resistivity of the deeper geological formations (Singal & Gupta, 1999;
Kovalevsky et al., 2004).

The overall 188 VES data (120 secondary and 68 primary) were generated using the IRIS
SYSCAL Junior resistivity instrument with a Schlumberger electrode array of electrode
(AB/2) separation spread length of 1000m (Figure 1.1c). The instrument is powered by
an internal rechargeable battery consisting of a transmitter, receiver, and booster all in
one unit. With the use of Geosoft Oasis Montaj software, the data collected from the
research area were georeferenced, processed, gridded using the least curvature technique,
and smoothed using a 3X3 convolution filter to produce contoured resistivity maps. To
determine the electrical resistivity variation of sub-surface materials, a straightforward
mapping employing apparent resistivity (papp) Versus different electrode spacings (AB/2,
220, 330, 500, 750, and 1000) and the one-dimensional model of the whole data curves
was also examined. To identify geological formation boundaries and geological
structures, the spatially variable resistivity values were also connected with the

lithological log data from the neighboring deep-water supply wells.

Errors in Vertical Electrical Sounding (VES) are a common challenge encountered in
groundwater studies, but these issues can be systematically addressed through
methodological rigor, cross-validation, and uncertainty quantification. Common sources
of error in VES include electrode misplacement or poor contact, environmental noise
(such as nearby power lines or moisture variability), and model non-uniqueness, where
multiple subsurface configurations can yield similar resistivity curves. To mitigate these
errors, the following strategies were employed: cross-referencing with borehole logs to
validate layer depths and lithology, to gain complementary insights, and conducting

repeat measurements to reduce random error and enhance confidence in results.

3.1.4 Hydrochemical and isotopes studies

Groundwater samples (21 in total) were carefully gathered in a clean, dry, and high-
density polyethylene plastic bottle for laboratory chemistry analysis following extensive
secondary data (103) gathered from several organizations (Total, 104 from wells and 20

from springs) (Figure 1.1b). Throughout the sampling operation, particular attention was



given to different borehole depths, geological variations, and data gaps. A HI9811-5
meter (Hanna Instruments, USA) was used to measure water quality parameters such as

temperature, pH, and electrical conductivity at the site during sample collection.

The major ion water chemistry analysis was carried out by the Ethiopian Construction
Design and Supervision Works Corporation laboratory (ECDSWC). An electro-neutrality
test was performed to ensure the accuracy of the chemical data, confirming that the sum
of the cations and anions was nearly equal, as stipulated for reliable geochemical
characterization and interpretation (Freeze & Cherry, 1979). Therefore, chemical data
with errors of no more than 5% were taken into consideration for the geochemical
characterization following a charge balance computation. In this work, water chemistry
datasets were presented graphically using a trilinear (Piper, 1944) diagram (Aguachem
version 4.0 software) to define the variation in hydrochemical patterns along the
groundwater flow paths. Further presentation, analysis, and interpretation were made by
clustering of these hydrochemical datasets using Agglomerative Hierarchical Clustering
(AHC) of XLSTAT (Stat Soft Inc., 2008) to come up with different clusters, and the
spatial distribution of different parameters was presented by maps with the help of the
ArcGIS 10.8 tool.

Additionally, systematic in-situ measurements of 2?Rn (in Becquerels, Bqg) were
conducted on water samples from different reaches of the main rivers (Awash and Muger)
and their tributaries. These measurements were taken during both the non-rainy season
(from 14" to 28" March 2021) and the rainy season (from 14" to 31 August 2021), with
particular attention given to the permeability of the underlying geological units and
geological structures. A simple portable RAD7 radon detector fitted with a Big Bottle
system (Durrige Company Inc., 2020) was used based on the principle of a liquid-gas
membrane extraction module (Schmidt et al., 2008) that consists of hollow vinyl fibers
that allow radon stripping from the sampled water with lower humidity (10-15%) to

connect to a closed air loop.

The ?22Rn in air concentration, together with the temperature record into a software

termed CAPTURE provided by the supplier of Durrige equipment to get the final mean



222Rn in water for analysis. Measurement of radon from each 2.5-liter water sample was
carried out for 2 hours in four cycles, with the first record being neglected and the
average of the last three measurements taken as the mean 2?Rn value of the water
sample. RAD?7 allows for measurement of 222Rn in water over a concentration range of
1PCi/L (37 Bg/mq) to greater than 10,000 PCi/L, and the measured values in the field are
within this range. Alongside, the measurement of Electrical Conductivity (EC) of rivers,
streams, and groundwater was carried out as a supplement to the result of ??Rn to

determine mainly the surface water and groundwater interaction zones.

Figure 3.1 In-situ 2?2Rn measurement at Awash River

In addition, a total of eighty-one (81) stable isotopic data (50, §°H) (Figure 1.1c) from
previous works were used as evidence for aquifer-surface water connectivity, recharge
area, and recharge mechanism identification. It was mentioned in the previous works that
stable isotopic (5'0 and §2H) analysis was made using Liquid Water Isotope Analyzer
equipment called Los Gatos Research DLT-100 laser instrument in the isotope hydrology
laboratory of the School of Earth Sciences, Addis Ababa University.

3.1.5 Hydrogeology

After obtaining groundwater-related secondary data from multiple organizations, data
gaps were determined. Following the acquisition of the available data, an inventory of the
water sources in the study area, including boreholes and springs, was made. This was
done in combination with in-situ verifications of the secondary data, which involved
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direct measurements of variables like coordinates, temperature, electrical conductivity,

static water level, and, if feasible, the discharge of the borehole and spring flow.

Lithological log and pumping test data from existing water supply wells were used to
understand and identify different aquifer layers with their hydraulic properties (hydraulic
conductivity and transmissivity). The field technique is used to calculate aquifer
hydraulic properties such as hydraulic conductivity, transmissivity, and storage
properties. An aquifer pumping test is a commonly used in-situ technique to determine
the hydraulic properties of water-bearing formations. It was undertaken by artificially
creating pressure on the aquifer by continually pumping water from the borehole and
monitoring variations in the pumped well's water level. From the change in hydraulic
head, one can then estimate the hydraulic properties of the aquifer, such as transmissivity,
hydraulic conductivity, and storativity. To investigate the transmissivity and hydraulic
conductivity of the typical aquifer units, raw pumping test and recovery data (mostly of
72 hours) from all 34 water supply wells were collected and analyzed using Aquitest
software (Aquitest version 3.5) (Waterloo Hydrogeologic Inc., 2002).

Only hydraulic conductivity and transmissivity are estimated using the available data
because, without observation wells, it was difficult to determine storage values using
analytical methods. Thus, the pumping test data is analyzed using the Cooper-Jacob time
drawdown approach (Cooper & Jacob, 1946), and all of the recovered data from the
water supply wells is analyzed using Theis’s recovery technique (Theis, 1935). As a
result, estimates of the area's transmissivity and hydraulic conductivity were made and
used for subsequent studies. In addition, hydrogeological cross-sections were made to
show the area's general litho-hydrostratigraphic architecture in four different directions,
and the spatial distribution of such hydraulic properties was examined using the kriging

interpolation technique (Geostatistical tool) in ArcGIS 10.8 software.

To study the temporal groundwater condition due to the variability of climate change and
human impacts (excessive pumping), the generation of time-based water level and
temperature data is critical. In this study, three locations, one at the plateau and two in
the central plain portion of the Upper Awash Basin, were chosen to install data loggers

for monitoring groundwater levels and temperature along the regional groundwater flow



direction. It was done by considering the factors that can affect the distribution of
groundwater monitoring sites. Even though the instruments at two of the boreholes in the
plainland portion of the Upper Awash Basin failed, data were collected by reinstalling the
instruments in those two boreholes. Representative wells (BHE30 from the plateau area,
BHE20, and BHE28 from the portion of the Upper Awash Basin plain) were chosen
along groundwater flow paths that are unaffected by pumping activity within and outside
of the study area. Data loggers (SEBA-Troll 100 & 300) from SEBA-Hydrometry of
Germany (http.//www.seba.de) were installed to monitor groundwater levels and
temperature data under natural conditions. The BHE30 provided hourly monitored data
for 14 months (April 2019 to June 2020). Besides, from BHE20 and BHE?28, 14 months
(July 2021 to April 2022) and 10 months (Jun 2016 to October 2017) data were collected.
The water table fluctuation (WTF) technique was employed to estimate recharge rates

based on the groundwater level data obtained from such wells.

3.1.6 Groundwater flow modeling

Understanding the groundwater system both spatially and temporally using integrated
techniques is crucial, as existing intricate fault systems strongly control the study area’s
groundwater system. Before doing any groundwater numerical model, a hydrogeological
conceptual model, which is typically developed using fundamental information from
geological settings, stratigraphy, hydraulic properties of various geologic layers,
piezometric levels, and water budget, serves as the foundation for the groundwater flow
simulation (Anderson et al., 2015). Determining aquifer layers proved to be a difficult

task due to the lateral and vertical variations of such volcanic terrain.

Nonetheless, using the most recent understanding and accessible hydraulic data, an
attempt was made to classify various geologic formations into three major hydrogeologic
units. Boundary conditions were thus established accordingly, and the numerical
groundwater flow simulation and calibration were made using the visual MODFLOW
flex package, based on the observed head data under steady conditions of a three-layer

system.


http://www.seba.de/

Building the hydrogeological conceptual and numerical models of groundwater using raw
GIS data objects is made possible by the robust capabilities provided by the visual
MODFLOW flex program. There must be continuous layers simulating aquifers and
aquitards across the model domain for the numerical simulation to be performed using
the visual MODFLOW algorithm. As required by the MODFLOW numeric engine, a
layer characteristics value is assigned to each layer. To determine an appropriate
exploitation rate for the efficient and sustainable use of groundwater, a sensitivity
analysis and model performance evaluation, along with several stress-based scenarios,

were conducted.

In general, the overall groundwater flow modeling work begins by defining the problem
through a review of previous data and establishing modeling objectives. Various methods
were implemented to understand the groundwater flow system, leading to the
development of a hydrogeological conceptual model. A grid was defined, and aquifer
properties and boundary conditions were assigned for the numerical model construction.
The model underwent steady-state calibration using head and flux, with results verified
against observed data. Sensitivity analysis identified key aquifer parameters, followed by
stress-based scenario simulation based on the steady state calibration results. Finally, the
results were evaluated, and a modeling report was created. Figure 3.2 summarizes the

research outline of this study.
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3.2 Materials

For the entire research period, different documents, equipment, and computer software
were used at different stages to achieve the objective of the research. It was started by
reviewing previous studies, like published/unpublished reports and any available office
documents and maps, such as national as well as international research papers conducted
in the same as well as different geologic settings relevant to the proposed research
objectives. Primary as well as secondary data were processed and/or analyzed to generate
and visualize the anticipated objective results using the following major scientific

software such as;
e A computer code, RAP version 3.0.3, and Excel-based TIMESPLOT programs
were used to separate surface runoff and Baseflow for the hydrograph separation

recharge estimation method.

The IRIS SYSCAL Junior resistivity field survey instrument and the Geosoft Oasis
Montaj software to generate a contoured resistivity map.

A RAD?7 radon detector fitted with a Big Bottle system, along with CAPTURE

software to measure and filter the concentration of 22Rn in water, and a H19811-5
meter (Hanna Instruments, USA) to measure in-situ water quality parameters such

as temperature, pH, and electrical conductivity during sample collection.

Aquitest version 3.5 and Aquachem version 4.0 for pumping test and hydro-
chemical data analysis, respectively, and Statistica 10.0 for statistical data

analysis

ArcGIS 10.8 software and its extensions used to make different maps, for

geostatistical analysis (Inverse Distance Weighting (IDW) and Kriging)

AutoCAD-18 software to make different types of cross sections for conceptual

hydrogeological development and presentation.

Visual MODFLOW flex for data management, analysis, plotting, simulation, and

visualization



4. RESULTS AND DISCUSSIONS

4.1 Hydrogeological understanding

4.1.1 Lithostratigraphy

The geological setting of the area is represented by two major litho-stratigraphic units,
namely the Mesozoic sedimentary rocks and Tertiary to Quaternary volcanic rocks with
minor volcano-clastic sediments, and superficial deposits. Geological cross-sections along
different directions (AA’, BB’, CC’, and DD’) were created to realize the
lithostratigraphic succession of the area based on information from existing boreholes'
lithologic logs and knowledge of the overall geologic setup. Five different sedimentary
rocks and eight volcanic rock units are observed in the study area (Figure 4.1), and their

description from older to younger is as follows.

4.1.1.1 Mesozoic sedimentary rock units

Lower Sandstone

The lower sandstone is outcropped in the deep gorges of the Blue Nile River, where it is
underlain unconformably by the basement rocks and overlain by the Shale unit. The unit
is commonly sandstone intercalated with siltstone and mudstone, with occasional beds of
conglomerate and shale, with a maximum thickness of 700m, presumably deposited in
fluvial and deltaic environments. It is fine- to medium-grained, yellowish-pink in color,
well-sorted, non-calcareous, cross-bedded quartz sandstone. The sandstone beds exposed

in the Blue Nile River gorge show a slight dip in a nearly southeast direction.

Gypsum-Marl-Shale (Abbay Beds)

It occurs in the Blue Nile River gorge lying between the lower sandstone and the Antalo
limestone. It consists of alternating beds of thick sandy limestone, calcareous sandstone,
gypsum, and variegated shale. The total thickness of the Abbay beds reaches up to 580m,

and its age is middle Jurassic (Kazmin, 1979).

Limestone unit (Antalo limestone)
The Antalo limestone unit, which is massive to fossiliferous and light to yellowish-grey

in color, is exposed in the gorges of the Blue Nile and Muger Rivers. It is mostly



composed of slightly fractured and jointed limestone that is intercalated with thin beds of
shale and marl, as well as sporadic fine-grained sandstone bands. In the Blue Nile gorge,
including Muger, the Adigrat Sandstone is overlain by shale and gypsum known as Goha
Tsion Formation (Assefa, 1991). Goha-Tsion formation consists of interbedded
sandstone, siltstone, mudstone, and shale in the lower part and alternating gypsum,
dolomite, limestone, and shale in the upper part, with a thickness ranging from 450m to
600m, with a slight dipping in the southeast direction (1-2°). It has a gradational contact

with the underlying and overlying lower sandstone and Antalo Limestone, respectively.

Upper sandstone (Amba-Aradam Sandstone)

The Amba-Aradam sandstone is widely known as the upper sandstone, which is
outcropped in the Muger gorge and conformably overlies the Antalo limestone. It is
dominantly composed of sandstone with thick beds of conglomerates, and thin beds of
mudstone and shale, generally coarsening upward. The sandstone is grayish to pinkish-
white in color and fine to coarse-grained in texture. Its thickness is in the range from 450
to 600m, and it shows a slight dip towards the south and southeast. In most parts of the

basin, this unit outcrops below 2000 m.a.s.l.

The Mudstone unit is composed dominantly of mudstone with very thin beds of
sandstone and shale. It outcrops in the Muger sub-basin underlying the volcanic rock
units, and where it outcrops, its thickness reaches 110m, while a thickness of 216m is
recorded from borehole lithologic logs.

4.1.1.2 Tertiary Volcanic Rock Units

In the northern and northwestern plateau parts of the study area, the volcanic rocks are
subdivided into Ashangi and Aiba basalts, Alaji formation, and Tarmaber basalt. The
Ashangi basalt represents the earliest fissural flood basalt volcanism, consisting of
predominantly slightly alkaline basalts with inter-bedded pyroclastic, rare rhyolites
commonly injected by dolerite sills and dykes. The upper part is more tuffaceous and
contains interbedded lacustrine deposits with lignite seams. The Aiba basalts consist of
massive transitional flood-basaltic flows, with intercalated agglomerate beds. The Alaji

formation mainly consists of aphyric flood basalts associated with rhyolite, ignimbrites,



and subordinate trachytes resting conformably on the Aiba Basalts, but in Muger Valley,
it directly overlies the Mesozoic sediments. Accordingly, the following (from oldest to

youngest) description pertains to the exposed volcanic rock units in the area.
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Figure 4.1 Geological map with different cross-sections

Blue Nile Basalt

This unit is thick basaltic flows and outcrops in the Blue Nile gorge, unconformably
overlying the Mesozoic sediments, representing the earliest flood basalt volcanism in the
area. It is alkaline basalt with columnar joints of wider spacing, forming a vertical cliff.
In the hand specimen, it is massive and dark in color. The lower part of the interplanar
spaces among columns is filled with secondary minerals (zeolites and clay).

Amba-Aiba Basalt

It is exposed in the same area overlying the Blue Nile basalt and is a flood basalt in thick
flow with closely spaced columnar joints. In the hand specimen, it is aphanitic in texture

and dark grey.
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Tarmaber Basalt

It is the dominant unit exposed in the western and northern parts of the plateau and the
Watershed divide of the Awash and Blue Nile River Basins. In the marginal Rift Valley
part of the area, this unit is downthrown by the regional West-East running Ambo-Addis
Ababa fault and overlain by younger ignimbrite (observed from lithology logs of existing
boreholes). It consists mainly of scoriaceous lava flows, and in places, it is columnar
olivine-bearing basalt as pockets within the scoriaceous components. The unit outcrops
along the Rift margins and the Yerer Tulu Volcanic Lineament (YTVL) zones. It is
directly overlying the Trap series volcanic rock units, which are highly weathered,

fractured, and pinkish to grayish.

Rift Basalt

The rift basaltic unit is fine to coarse-grained basalt composed of olivine and plagioclase
phenocrysts. In most parts of the outcropped area, it is a relatively thin lava flow
overlying the ignimbrite. It is composed of vesicular basalt with minor trachytes, exposed
along stream banks and beds in the Upper Awash basin and the southern part of the
Muger sub-basin.

Rift Ignimbrite, Tuff, and Ash

The Ignimbrite unit is outcropped in most of the plain part and the periphery part of the
Upper Awash Basin, composed of welded tuff (ignimbrite) and non-welded pyroclastic
fall (Ash and tuff). It is grayish to white, and when welded, it exhibits flame textures and
elongated rock fragments of various colors. Around the southeastern parts of the area, its
thickness reaches up to 200m (Boreholes lithology data). The Rift Ash and Tuff unit is
composed of tuff and ash, forming a relatively undulating topography in the flat plains,
dotted with small isolated rhyolite/pumice domes, in the northwestern part of the Upper

Awash basin.

Central Volcanic Units (Wechecha-Furi-Dendi Trachyte, and Rhyolitic units)
The central volcanic units are mainly trachytic lavas exposed at the Eastern and Western
edges (locally named Wechecha, Furi, and Dendi) of the area, forming elevated ridges or

mountain peaks. It is a grayish, fine to medium-grained trachyte with subordinate ash



falls and ignimbrite. The Rhyolite and Trachyte domes form isolated silicic domes and

associated tuffs along Rift margins and Rift shoulders.

Entoto and Becho Rhyolites

The Entoto ridge forms a watershed divide of the Blue Nile and Awash River Basins. The
ridge forms a steep slope towards the Blue Nile Basin and a steep-to-gentle slope towards
the Awash Basin. In a fresh hand specimen, it is grayish pink and reddish brown to
yellowish grey when weathered. The rhyolites in the central plain portion of the Upper
Awash Basin (Becho plain) form isolated cones.

Superficial (Alluvium, Ash, and weathered Tuff) deposit

It covers mainly the Tertiary Volcanics on the plateaus and central flat lands of the Upper
Awash part, consisting of regolith, reddish-brown soils, and alluvium with thicknesses
not more than 50 meters (Boreholes data). The Rift Ash and Tuff unit is composed of tuff

and ash, forming a relatively undulating topography in the flat plains.

4.1.2 Tectonic structures

The study area, located within the central northwestern plateau and the western segment
of the Main Ethiopian Rift (MER), exhibits structural development closely associated
with the evolution of the East African Rift System (EARS). The geological history of the
region is characterized by a sequential progression of processes: an initial phase of
sedimentary deposition, wherein sediments accumulated in basins and preserved pre-
tectonic environmental conditions, thereby establishing the foundation for subsequent
structural and volcanic modifications; followed by rifting, marked by crustal extension
that generated faults, grabens, and horsts, deepened basins, and facilitated continued
sedimentation while creating pathways for magma ascent through lithospheric thinning;
and ultimately, volcanic activity, during which magma intruded and erupted through rift-
related fractures, producing basaltic, rhyolitic, and pyroclastic deposits that overlie or
penetrate sedimentary sequences, signifying the transition from continental rifting toward
potential ocean basin development. Hence, the Structural elements of the study area can
be subdivided into primary and secondary structures. The former is intimately associated

with a depositional history of sedimentary rocks and layering during volcanic eruption,



and the latter relates to extensional tectonics responsible for Rift formation and volcanic

activity.

The primary sedimentary layering in the Mesozoic units has been studied by differently
oriented faults and basaltic dykes. The sedimentary rock units in the area invariably
exhibit visible planar layers. laminations, bedding, and cross-bedding, which are acquired
during the deposition of the sediments and presumably enhanced during diagenesis.
These structural features are well marked by grain size, compositional, and color
variations, and vary from one lithology to another, and also within the same lithology due

to lateral and vertical facies change.

The main tectonic episode is associated with divergent geodynamic processes leading to
the formation of the MER in the Cenozoic era. The rifting is manifested by narrow
intercontinental discrete depressions, topographic uplift, and a network of faults that
generally trend N-S, NE-SW, and NW-SE. In general, regional normal faults with
different orientations, fractures, and joints with different densities are found in the study
area (Figure 4.2). Four major fault feature types are recognized during the interpretation
of satellite imagery lineament data. The widespread brittle deformation consisting of

fractures and dislocations is also observed during the field survey.

NW-SE Fault System

The NW-SE fault system is the oldest, with an extended history, and affects all rock types
in the northwestern part. They are crustal scale and served as a conduit for the extensive
volcanic formation in the area, and their age may go up to the early Paleozoic, but they
became reactivated later with the main tectonic event in the region. The faulted blocks
are downthrown towards the NE in most cases, resulting in the formation of some graben
and horst structures generally oriented NW-SE. The trend of the Wechecha volcanic belt

can be associated with this fault system.

E-W Fault System
The E-W fault system, which is the upper boundary of the Ethiopian Rift margin, runs
approximately E-W north of the Addis Ababa-Ambo road. It is the main fault system in



the western plateau part and densely affects the Tarmaber basalt. Along the reactivated
Yerer Tulu Volcanic Lineament (YTVL) zone, the E-W-oriented fault system has an
impact on the volcanic rock units overlying the Mesozoic sediments. The development of
a horst structure-oriented E-W is the result of the faulted blocks being downthrown
towards the south in most cases and the horst of Mudstone formed by these faults are
covered by early episodes of the Tertiary volcanic units in the eastern part, outcrops on

the surface in the west-central part of the Muger sub-basin.

NE-SW Fault System

The NE-SW fault system runs parallel to the principal system of fissures in the Rift floor.
This fault system densely affects the volcanic rocks, serves as a conduit to the younger
eruption, and exhibits step-like block faults. The Mesozoic sedimentary and Tertiary
volcanic rock units are thrown to lower levels by the SE fault system and are
subsequently covered by Rift volcanic rock units.

N-S Fault System

The N-S fault system is the recent fault system that serves as a conduit for young
volcanic.

Lineament density (LD)

The approach of using Digital Elevation Model (DEM)-derived lineament analysis,
coupled with spatial interpolation techniques, pinpoints the lineament density
distribution.

The study area is characterized by distinct geomorphology, litho-stratigraphy, and
regional structural settings, which exhibit a varying trend to indicate the occurrence of
variable hydrogeologic systems. Accordingly, lineament density (LD < 0.41 km/km?) is
relatively low in the central plain of the southern part and the extremely dissected
northeastern and northwestern portions. Plateau and its environs are characterized by a
relatively high LD between 0.96 and 3.0 km/km? which are very dense and
interconnected. However, the outlet part of the southern section has an intermediate LD
between 0.41 and 0.96 km /km? (Figure 4.2).

Lineaments that are primarily oriented NW-SE have an impact on most of the

sedimentary units in the northern and northwestern parts, as well as the Trap series



columnar and weathered basaltic units. Since the younger volcanic rock units that cover
the Trap series Volcanics are primarily exposed at the flank of MER and YTVL zones,
they are highly fractured and jointed, with main lineament orientations along the N-S, E-
W, and NE-SW directions.
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Figure 4.2 Lineament density

In general, faults play a crucial role in governing groundwater flow paths within the study
area, particularly due to the area’s intricate volcanic geology and tectonic framework.
Recent studies indicate that faults, such as those within the Yerer—Tulu-Volcanic
Lineament-Zone and along the Main Ethiopian Rift margin, function as vertical conduits
that facilitate deep infiltration of rainfall and surface water. Furthermore, these areas
exhibit a high density of lineaments, which correlates with an increased potential for

groundwater recharge, attributed to enhanced secondary porosity and permeability.
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In addition, the presence of faults and horsts beneath volcanic strata creates
hydrogeologic boundaries, segmenting the basin into distinct sub-aquifers. For instance,
impermeable mudstone-capped horsts establish groundwater divides between the Upper
Awash Basin and its adjacent areas, redirecting flow paths laterally. While groundwater
contours typically align with surface topography at the catchment scale, regional fault
systems can override local gradients, directing flow along favored structural orientations,
such as NW-SE or E-W trends. Overlay analyses of baseflow separation, lineament
density, and geological units demonstrate that regions situated near fault zones receive a
disproportionately higher amount of recharge compared to those further away from these

structural features.

4.2 Geophysical signatures

A total of 188 VES data collected using the IRIS SYSCAL Junior resistivity measuring
instrument with a Schlumberger electrode array (AB/2) separation spread length of
1000m were used. To create contoured resistivity maps, the data gathered from the study
area were georeferenced, processed, and gridded using the least curvature technique, then

smoothed with a 3x3 convolution filter in Geosoft Oasis Montaj (Geosoft Inc., 2012b). A
simple mapping using apparent resistivity (papp) against various electrode spacings

(AB/2, 220, 330, 500, 750, and 1000) and the one-dimensional model of the entire data
curves was also investigated to ascertain the electrical resistivity variation of sub-surface

materials.

It is challenging to determine an exact resistivity value for existing geologic units in the
area, particularly in distinguishing between different volcanic units. However, factors
such as porosity, fracturing, alteration, and thermal effects are used to differentiate their
spatial distribution. Additionally, the spatial resistivity results were correlated with
borehole short normal geophysical resistivity and lithological logs from nearby deep-
water supply wells to identify the distribution of geologic units and structures (Figure
4.3).



For most sounding stations, additional data from the pseudo-electrical apparent resistivity
(papp) Spreading across various electrode spacings (Figure 4.4) and the borehole
resistivity logging result (Figure 4.3) provide supportive evidence that the subsurface is
electrically heterogeneous over space. Based on lateral differences in formation
resistivity, several vertical discontinuities have also been identified, revealing potentially
significant geologic structures with different trends, such as NW-SE, W-E, NE-SW, and
N-S (Figure 4.4, broken dark lines). The resulting images illustrate the resistivity
variation, which is primarily found in the central southern portion, where it is high at
shallow depths and relatively low at deeper depths. To determine the litho-hydro
stratigraphic setting of the area, such variation is correlated with different depth lithology
and borehole geophysical logs of water supply wells drilled and tested at different times
(WWDSE, 2015 to 2022).

Low resistivity values detected at certain depths can be reliably attributed to the
combination of pervious geological materials and thermal effects stemming from deep,
encountered in water supply wells such as BHE23, which registers a temperature of
48°C, and BHE?24 at 45°C. These resistivity patterns are intricately linked to a network of
regional geological structures that shape the spatial distribution of diverse aquifer units
within the area. In stark contrast, the zones exhibiting higher resistivity are characterized
by the presence of dense, impervious acidic rock units that permeate various depths
throughout the study area. These formations are manifestations of the acidic volcanic
units. Furthermore, the subsurface can be effectively classified into a minimum of four

distinct geoelectric layers, as illustrated in Figures 4.3 and 4.4.
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Figure 4.3 Depth against short normal geophysical resistivity well logging result of water
supply wells from a) Central plain, b) Eastern, c) Western, and d) Escarpment (Data

source: WWDSE, 2015 to 2022).

To enhance our understanding of these layers, efforts have been made to correlate them
with lithology and borehole geophysical logs results obtained from existing water supply

wells to create a more comprehensive depiction of the area's subsurface characteristics.
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These are;

The high resistive layer (papp > 50 ohm-m), interpreted as acidic rock units
(Ignimbrite, rhyolite, and trachyte) acts as an aquiclude.

Moderate resistive layer (35 < papp < 50 ohm-m), attributed to the Rift basaltic
aquifer.

Low to moderate resistive layer (20 < papp < 35 ohm-m), which could be
interpreted as the regional scoriaceous basaltic aquifer, covers most of the area,
and

A very low resistive layer ((papp < 20 ohm-m), which is the response of alluvial
and ash deposits for shallow spreads (i.e., mainly for AB/2. 220 m and 330 m)
and highly fractured and/or altered due to the thermal effect for the regional
scoriaceous basaltic aquifer for the stretched spreads (AB/2 > 500 m) covering

mainly the central and southwestern parts of the area.
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Figure 4.4 Spatial variation of pseudo-electrical apparent resistivity plan maps for
different Schlumberger half electrode spreads (AB/2=220,330,500,750, and 1000) with a
possible inferred regional geological fault of the area (Data source: WWDSE, 2017 to

2022)
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4.3 Baseflow index as a hydrological signature

Baseflow, the minimum volume of stream flow over a specific period (Barlow et al.,
2014), is continuous under specific conditions and enters a river channel via a delayed
pathway within the hydrologic system (Meyboom, 1961; Fetter, 1994; Sloto & Crouse,
1996; Sophocleous, 2002; Combalicer et al., 2008). A practical way to compare the

proportional contributions of groundwater to stream flow is through the BFI.

The main objective of this section is the determination of BFI with its spatial variation to
complement the findings from other techniques for understanding aquifer-surface water
interaction areas. Groundwater contribution is classified as high for BFI > 0.3 and low for
BFI < 0.3, with the BFI typically falling between 0.4 and 0.8 (Stricker, 1983; Kunianisky,
1989). Tracing the boundary between Baseflow and surface runoff is challenging.
However, the permeability of the geologic units and structures that a river flows through

has a significant influence on the groundwater contribution to a river (Shaw, 1994).

Following the separation of hydrographs (Table 4.1), the mean annual BFI result reveals
notable spatial variation in each flow recording station (Figure 4.1), which is consistent
with the previous research outcomes of similar areas to consider for further steps
(Azagegn, 2015; Berehanu et al., 2017; Ayenew et al., 2019).

Table 4.1 Mean annual Baseflow index (BFI) estimated for each station using Baseflow
separation methods for a portion of the Upper Awash and the nearby Blue Nile Basins

Calculated mean annual baseflow
Dail Annual index Annual
D Local name Longitude Latitude (':_llh;u:T} ’Efni' Flou{ Total Usujg River Using Avi”r:al-ge baseflow,
o me/sec | flow mm | Analysis Package | TIMESPLOT mm
(RAP) Technique | Technique

EGS1 |Upper Awash at wolonkomi 38%14'54.05° [970230.99 2132 60.0 082 | 4032 049 0.54 051 206.86
EGS?2 |Upper Awash at Ginchi 38"1036.78° |8°5937.54 2190 76.0 099 | 4124 0.23 0.23 0.23 95.61
EGS3 |Upper Awash at Holeta 38%3002.04 |9°0610.29 2467 1190 | 145 | 3843 0.49 0.51 0.50 193.35
EGS4 |Upper Awash at Addis Alem 38%2257 11 |9°0316.73 2350 2430 | 281 | 3573 0.55 0.59 0.57 203.20
EGSS |Upper Awash at Asgori 38%2200.69 [8%4813.63 2073 6625 | 373 | 1774 0.32 0.32 0.32 £6.42
EGSE |Upper Awash at Bello 38%2513.81 [8%4813.94 2053 | 2568.8 | 1048 | 1286 0.58 0.58 0.58 74 54
EGS7 |Upper Awash at Melka kunture  |38°3839.05 |8%3916.95 2004 | 4456.0 | 2917 | 2064 0.49 0.50 0.49 102.16
EGS8 |Muger at Roba 38%4405.65 [9"1606.79 2554 30.0 034 | 1778 0.49 0.51 0.50 206.86
EGS9 |Muger at Gerbi 38%2510.76 [9"1956.01 2624 65.0 095 | 3942 052 0.51 051 95 61
EGS10|Muger at Sibilu 38%1444 49 |9°1216.26 2551 3750 | 663 | 8432 0.43 0.49 0.46 203.20
EGS11|Muger at Muger 38%4352 34 (92504 76 2547 | 4890 | 976 | 4646 0.46 0.51 049 56.42

Note. EGS1 represents. E-First word of the Author’s name, GS1-Gauged station number

The Baseflow contribution to streams for the majority of upstream stations (EGS1, EGS3,
EGS4, EGSS8, and EGS9) of both basins, located close to the rift border and surface water



divide, has a high mean annual Baseflow index higher than 0.5. Accordingly, the streams

in this area are recurrent because groundwater contributions dominate surface runoff. The

fact that practically all of the streams in this area flow over the severely fractured

volcanic rocks to contribute significantly to groundwater is the likely cause of the high

BFI value.

BFI is relatively low for stations from the center part of the Upper Awash Basin (EGS2

and EGS5), due to the impermeable geologic units (ash and alluvium). Because of the

fractured geologic units (Rift basalt and ignimbrite) together with NE-SW regional faults

and lineaments, stations from relatively downstream areas of the Basins (EGS7, EGS10,

and EGS11) have a moderate to high mean annual BFI between 0.35 and 0.5, indicating a

significant groundwater contribution to the stream flow.
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Figure 4.5 Groundwater contribution rates to rivers and streams in a pie chart, alongside

their spatial distribution, geological setup, and lineament density

Correlating the Baseflow Index (BFI) with lineament density, particularly in structurally

complex volcanic terrains like the study area, can substantially enhance our



understanding of the aquifer-surface water relationship, as well as the delineation of
recharge areas and their mechanisms. The lineament density (Figure 4.2) indicates that
the escarpment and outlet zone of the PUAB exhibit high lineament density (LD ranging
from 0.41 to 3.0 km/km?2), suggesting a favorable connection between the aquifer and
surface water. In volcanic aquifers, a greater lineament density typically aligns with
increased baseflow contributions, thereby making BFI a valuable proxy. Conversely, the
central plain area of the Upper Awash Basin demonstrates relatively low BFI, low
lineament density (LD < 0.41 km/km?), indicating a weaker link between surface water
and the aquifer.

4.4 Aquifer characteristics

4.4.1 Lithohydrostratigraphy

Geological units of the area were distinguished at depth using aquifer characteristics data
from existing boreholes and geophysical study results. Since both the geology and
hydraulic properties of the units are considered during characterization, the notable
aquifers and confining (aquiclude) units were identified. Due to the similarity in
hydrogeological properties, the lithologic logs from each water supply well were

combined into hydrogeologic units to summarize the data.

The major aquifers associated with the Mesozoic Sedimentary rock units include a lower
fine-grained sandstone aquifer with low primary and secondary porosity, except for some
near-regional structures. The existence of an intercalated thick impervious marl unit at
the lower portion of a limestone aquifer greatly affects its hydraulic conductivity,
whereas the upper section is an excellent conduit at locations where it is exposed to the
surface for direct recharge. The exception to this is that it is covered by layers of paleosol
and impermeable mudstone, which prevent groundwater from entering from the aquifer

units above it.

Except in some locations, where the principal porosity is covered by impervious thin
mudstone and shale strata, which prevent direct recharge and groundwater transfer from
the overlying aquifer (volcanic aquifer), the upper coarse-grained sandstone aquifer is the

dominant sedimentary aquifer in the area. Springs that emerge from this unit close to



lineaments and faults (Meragna, Jara-Midaworomo, Laganora-degem, Abote, and
Salayish-ensaro springs) exhibit high discharge rates (up to 100 I/s). This aquifer also
exhibits a little dip towards the south and southeast, just like the underlying limestone

aquifer.

The lithologic log describes units as colluvial, alluvial, and ash, which are consolidated as
superficial deposits (including alluvium and ash) forming the first upper-most aquifer.
The second aquifer is characterized by a fractured rift basaltic system, consisting of
various rock units, including weathered, vesicular, and fractured basalt. Acidic rock units,
such as rhyolite, ignimbrite, and/or tuff, are classified together as a single hydro-
stratigraphic unit, serving as an impermeable layer (aquiclude), which constitutes the
third layer. Finally, the Tarmaber vesicular and scoriaceous basalt, often referred to as the
scoriaceous basaltic aquifer, represents the fourth and most significant regional
hydrogeologic unit. This unit is extensively distributed across the plateau, both at the
surface water divide and at greater depths in the southern region. Hence, four principal
hydrogeological units are recognized for parts of the Upper Awash groundwater system
(Figure 4.5). These are. Superficial (mainly alluvial and ash) aquifers, fractured Rift
basalt aquifers, acidic (Tuff, Ignimbrite, and rhyolite) acting as a confining unit, and
fractured regional confined scoriaceous basalt aquifers. The lithologic and hydraulic

characteristics of the identified hydrogeologic units are summarized in Table 4.2.
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Figure 4.6 Hydrogeological maps of the area

4.4.2 Aquifer unit distribution

Superficial deposit aquifer is found mainly in the central part of the Upper Awash Basin,
which has a small extent, shallow depth, and is composed of silty clay sediment of low
permeability. It is recharged locally from rainfall and runoff and discharged into the
upper basaltic aquifer. The alluvial aquifers do not form an independent aquifer, but it is

interconnected with the upper basalt aquifer.

The fractured rift basalt aquifer is distributed in the northern and western periphery of the
central plain part of the Upper Awash Basin and beneath the alluvial aquifer. It has a
wide distribution with an average thickness of not more than 50m, forms an unconfined
aquifer system, and is recharged locally where it outcrops and along faults and fractures.
Most of the groundwater of this aquifer forms the Baseflow of the rivers in the upper

Awash River system. In general, due to the similarity in hydraulic character of both
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superficial and fractured basalt aquifers, these two are treated as an unconfined aquifer

for further simulation purposes.

The lithological logs of several water supply wells in the area and their environs revealed
the presence of acidic volcanic units of variable thickness beneath the fractured rift
basaltic aquifer. Such a unit is serving as an aquiclude (confining unit) in the majority of
the study area. However, if the geologic structures (fault and lineament) affect it, it might
be an aquifer in the northwestern and northern periphery (escarpment). It is a type of
acidic volcanic unit that can be localized or regional. It includes pumice, ash, rhyolites,
and ignimbrites sourced from the central volcanic of Menagesha, Furi, and Wechecha. It
acts as a confining unit found between the upper unconfined and lower confined regional

scoriaceous aquifers and is less fractured or faulted.

The regional basaltic aquifer, known as the Tarmaber basalt, is composed dominantly of
scoriaceous basalt and Amba-Aiba basalt and occupies more than 95 % of the plateau and
escarpments of the study area. Tarmaber and Amba-Aiba basalt formations are
considered as one hydrogeological unit as per the analysis of pumping test data of water
supply wells found in different areas, which have high transmissivity values and are
hydraulically interconnected. Water supply wells drilled and tested at the central plain
and the southeastern outlet (Melkakunture) parts penetrated the lower basalt aquifer at
different depths. For instance, in the central part, the scoriaceous basalt was penetrated at
225 meters under the impermeable ignimbrite unit, and the groundwater level was raised
to 2 meters. So many water supply wells were drilled and penetrated through such an

aquifer. However, none of the boreholes fully penetrated this aquifer.

In general, analysis of the aquifer system in the area using evidence from geological and
geophysical methods illustrates that the aquifer system of the area is a three-layer aquifer
system composed of superficial deposits and fractured rift basaltic aquifers (treated as
unconfined aquifer), aquiclude/confining unit (Ignimbrite, rhyolite, and trachyte), and the

regional confined scoriaceous basaltic aquifer (confined aquifer) (Table 4.2).



Table 4.2 Summarized hydro-lithologic units (Data source: WEDSWS 2008 to 2017)

Thickness range
Hydrogeologic and estimated

Hydrogeologic characteristics

units average thickness,
m

Superficial

(Alluvial and

ash) aquifer 5t0 80 (50)

(Layer-1)

Characterized by about 50-meter thickness with low
groundwater potential, recharged only from rivers,
streams, and precipitation.

It is commonly utilized for community water
supply and is situated along major rivers and stream
courses.

Its yield varies from 0.5 to 4 I/s average of 1.5 I/s
determined from daily community use using a hand
pump, and its static water level varies from 5 to 21
meters below ground level.

Obtaining representative pumping test data to
evaluate its hydraulic properties is a challenging
task. However, observations from the field and
lithology logs of water supply boreholes indicate
that it has high clay concentration, which leads to
low permeability.

It has between 88 and 488 mg/l of Total Dissolved
Solids (TDS).

Weathered and
fractured Rift
basaltic aquifer
(Layer-2)

50 to 180 (100)

Distributed extensively in the USPAB as an
unconfined with spatially varied thickness not more
than 100 meters.

Its average depth to groundwater level is 38.6
meters below the ground, transmissivity value in
between 11 to 241 m?day, average of 76 m?/day,
discharge varies from 2 to 14.6 I/s with an average
value of 5.2 I/s, and average TDS amount of about
237 mg/l.

It is recharged locally through fractures where it
outcrops and along primary porosities of the
overlying superficial deposit aquifer.

Acidic 60 to 150 [100]
volcanic unit
(Layer-3)

Based on their similarity in hydraulic behavior, it is
the lumping of different lithologic units such as
pyroclastic deposits, tuff, ignimbrite, trachyte,
rhyolite, and pumice with thin intercalation of
paleosol or sticky clay.

It has a respective average depth to groundwater,
discharge, and transmissivity of 56 meters, 3.9 I/s,
and 17 m?/day, and acts as a confining layer for the
underlying regional scoriaceous basaltic aquifer.

Scoriaceous
basaltic aquifer
(Layer-4)

The scoriaceous basaltic aquifer is the main
fractured, pervious, and confined regional aquifer
resulting from olivine-bearing scoriaceous lava,
which favors strong groundwater storage and




Thickness range
Hydrogeologic and estimated
units average thickness,
m

Hydrogeologic characteristics

movement.

>350 m < Several water supply wells were drilled and tested,

representing the scoriaceous basaltic aquifer, and
none of them fully penetrated such an aquifer. Its
thickness is more than 350 meters, and most of
them are flowing (artesian).

& Its transmissivity value is between 18 to 2080
m2/day average of 483 m?/day.

< discharge varies from 9 to 98 I/s of average value
46 I/s, and TDS value in between 350 and 628 mg/I
of average 468 mg/I.

4.4.3 Hydraulic properties of the aquifer

Knowledge of the hydrogeological characteristics of the rocks that make up the main
aquifer systems is essential for the development and effective management of
groundwater resources. The major hydraulic properties, such as piezometric head,
transmissivity, hydraulic conductivity, storage coefficient, and aquifer thickness, are all
spatially varied as a function of the geological and geomorphological settings, which
need to be known to understand their spatial distribution. Only the hydraulic
characteristics of the main aquifer units that correspond to a portion of the Upper Awash

basin are discussed here because of data limitations.

This study attempts to use the interpolation technique based on the available measured
data to fairly estimate the values in unmeasured points to analyze the spatial distribution
of the hydraulic characteristics of the main aquifer units. Using the geostatistical analysis
of ArcGIS 10.8, various maps illustrating the spatial variability were created based on the
analysis of the available data for the corresponding parameters (ESRI, 2006).

4.4.3.1 Piezometric head distribution and flow direction

A groundwater table contour map is a graphical representation of the hydraulic gradient
of the water table or potentiometric surface. Creating a groundwater table contour map is
an important task in groundwater resource assessment and management, which involves

plotting the elevation of the water table across an area and is used to interpret



groundwater gradients, flow directions, fluxes, and velocities (Fetter, 2001; Woessner,
2020). Hence, from groundwater table contour lines, which are known as equipotential
lines, the direction of groundwater flow perpendicular to such equipotential lines is
directly constructed (Heath, 1983). Furthermore, it is important to understand the

hydraulic link between the surface water and the aquifer system of the area.

In this study, the groundwater level or potentiometric maps for the unconfined aquifer
and piezometric map for the confined aquifer are created using a one-time measurement
of groundwater level data. To generate temporally (monthly/seasonally) varied
groundwater level maps to visualize changes in equipotential lines and infer flow
direction, properly monitored time-series head data is required, and it is difficult to
address such notions in detail in this study. It is prepared by taking the difference
between the topographic elevation and the depth-to-groundwater level, which gives the

groundwater depth to the water level above the mean sea level (datum).

The present study considers head data from water wells with a depth of less than 150
meters (50 water supply wells), representing the unconfined aquifer system, and more
than 250 meters (100 water supply wells), representing the area's deep confined aquifer
system. A potentiometric surface for the unconfined and deep confined aquifers was
generated independently using the Kriging interpolation technique applied to a set of
regularly spaced boreholes with groundwater level point elevation in an ArcGIS

environment.

Most of the time, the groundwater levels measured from boreholes drilled in several
geologic formations show varying groundwater levels, indicating that faults connect the
groundwater of different geologic units. Boreholes drilled through the unconfined aquifer
(composed of alluvial, tuff, ash, and fractured basalt) have a depth to groundwater level
5.3 to 26.7 meters below ground level (m.b.g.l) or 2042 to 2350 m.a.s.l. whereas, from
the regional deep confined aquifer (composed of highly fractured basalt and scoriaceous
basalt), depth to a piezometric level ranges from mainly artesian conditions to a
maximum of 45.9 m.b.g.l or 2001 m.a.s.l (at the southeastern outlet portion) to 2250

m.a.s.| at the edge of the escarpment. In light of this difficulty, an effort was made to



create a groundwater level contour map (Figure 4.7a) for the unconfined aquifer and a
piezometric level contour (Figure 4.7b) for the regional confined aquifer. The
groundwater level contour maps illustrate similar groundwater flow directions towards

the southeastern (outlet) part of the study area.

In general, the interpolated groundwater level contour map demonstrates a steep
hydraulic gradient in the northern and northwestern parts and a gentle, wider, and very
shallow gradient in the central and outlet parts of the model area. Even though the
regional topographic gradient, local barriers, lithology, and geologic structures regulate

the direction of the groundwater flow.
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3.4.3.2 Transmissivity

Transmissivity is a crucial parameter in groundwater resource evaluation to determine the
rate of groundwater flow, yield of wells, and the spread of contaminants in an aquifer
(Driscoll, 1986). It is influenced by the thickness and permeability of the aquifer material
and the viscosity and density of the groundwater. Knowledge of the transmissivity of the
area helps in determining optimal well spacing and pumping rates. It is typically
estimated through pumping tests, as pumping water from a well at a controlled rate and
measuring water level changes in the pumping well and nearby observation wells (Freeze
& Cherry, 1979).

All water supply wells (34 in #), raw pumping test and recovery data (72 hours) were
gathered and analyzed using Aquifer Test Pro (Waterloo Hydrogeologic Inc., 2002)
software version 3.5. Since the aquifer's storage term cannot be determined from single-
well tests, the available data are only used to estimate hydraulic conductivity and
transmissivity. It may be challenging to estimate storage values using analytical
approaches in the absence of observation wells (Kruseman & De Ridder, 1990). The
constant rate test's time drawdown and recovery data were used to compute the aquifer's
transmissivity. As a result, the Cooper-Jacob time drawdown approach (Cooper & Jacob,
1946) is used to analyze pumping test data, and Theis’s recovery technique (Theis, 1935)
is used to analyze all of the water supply wells' recovered data. As a result, the
transmissivity value for the unconfined and confined aquifers is in the range of 18 to 248

m?/day and 5.4 to 2080 m?/day, respectively.

4.4.3.3 Hydraulic conductivity

Hydraulic conductivity is a key component in many groundwater flow equations used to
simulate the groundwater movement, predict water table changes, estimate well yields,
and assess contaminant transport. Factors that control the hydraulic conductivity of the
aquifer unit are grain size and its distribution, porosity, fluid properties (density,
viscosity), fracturing, clay content, and degree of saturation. Accordingly, it varies

significantly within an aquifer, both horizontally and vertically, with values from 108



m/day for unfractured metamorphic rocks to 10° m/day for well-sorted gravels (Freeze &
Cherry, 1979; Anderson & Woessner, 2015).

Measurement of hydraulic conductivity is challenging, primarily due to its vast range
across different rock types. This variability can span several orders of magnitude, making
it difficult to accurately characterize and compare different geological formations. This
immense range presents significant challenges in measurement and interpretation. Even
within a single rock type or formation, hydraulic conductivity can vary significantly due
to factors like fractures, weathering, and local variations in composition. Measurements
taken at different scales often yield different results due to the influence of larger-scale
features like fractures and bedding planes. Different measurement methods can yield
varying results for the same formation. It is a crucial notion in groundwater development

and management, which is analyzed from properly conducted pumping test data.

The most common measurement techniques for hydraulic conductivity used in practice
can be broadly categorized into field methods and laboratory methods. Each of these
methods has specific applications and limitations. For instance, field methods generally
provide more representative results for larger scales but can be more expensive and time-
consuming. Laboratory methods offer more controlled conditions but may not capture
the full complexity of in situ conditions. For this study, hydraulic conductivity for the
two major aquifer types (unconfined and confined) is analyzed using one of the most
widely used techniques of pumping test and recovery test data (from 34 water supply
wells) and hydraulic conductivity values from previous works (WWDSE,2009; Azagegn,
2015).

The formula K = T/b, where K is hydraulic conductivity, T is transmissivity (m2/day), and
b is aquifer thickness (m), is commonly applied to confined aquifers. In practice,
borehole screen length is often used to approximate b. However, accurate estimation of K
is complicated by factors such as misaligned screen casing, inadequate gravel packing,
and poor well development. These issues are further compounded in areas with multi-
layered aquifer systems, where a single borehole may tap multiple water-bearing units

due to screens installed across varying depths. In unconfined aquifers, saturated thickness



fluctuates both spatially and temporally with changes in the water table, making the
application of the formula more complex. It requires either site-specific saturated
thickness measurements or representative averages for the area. In this study, hydraulic
conductivity was calculated by deriving transmissivity from pumping and recovery test
data, while the average saturated thicknesses were carefully validated using borehole
geophysical logs correlated with screen intervals, ensuring accurate and location-specific

estimates.

In this work, an effort was made to calculate the hydraulic conductivities of thirty-four
(34) water supply wells, of which twenty-two (23) represent the confined aquifer (wells
deeper than 250 m) and eleven (11) represent the unconfined aquifer (wells shallower
than 150 m) using transmissivity data analyzed from pumping test and recovery data. In

addition, seventeen (17) hydraulic conductivity values are obtained from previous works.

Based on the analysis of pumping and recovery test data, hydraulic conductivity in the
range of 0.33 m/d to 17.9 m/d is obtained, which represents the confined aquifer system
and for shallow to intermediate depth (Depth < 150 m) or unconfined aquifer shows the
value in the range of 0.06 m/d to 1.76 m/d. Spatially distributed hydraulic conductivity
zones were generated, mainly for unconfined (Figure 4.8a) and confined aquifer (Figure
4.8b) systems, using point (well site) hydraulic conductivity values as an input for

geostatistical analysis of the kriging interpolation technique in the ArcGIS tool.

In volcanic terrains, the variability of hydraulic conductivity and transmissivity is
influenced by several key factors, including the density of fractures, the stratigraphy of
lava flow layers, and the heterogeneity of pyroclastic materials. Spatially distributed
recharge values indicate a discernible trend in hydraulic conductivity, which generally
increases towards the escarpment and the southeastern outlet region of the study area,

moving away from the central plain.

This pronounced increase in hydraulic conductivity correlates with the presence of
heavily fractured basaltic formations that are predominantly exposed in both the
northwestern and southeastern margins of the model area. These regions exhibit a high

degree of permeability due to the complex interplay of geological structures.



Additionally, fault zones within these volcanic landscapes often demonstrate significant
anisotropy in hydraulic conductivity, meaning that conductivity is not uniform in all
directions. Specifically, higher hydraulic conductivity is typically observed along the
orientation of the fault strike, where fractures are preferentially aligned, facilitating

enhanced fluid movement.

Hydraulic conductivity values derived from pumping and recovery test data in this study
were found to be lower than those reported in the literature for similar volcanic aquifer
systems. This discrepancy is attributed to the inherent fracture heterogeneity, eruption
styles, and lithological variability that characterize volcanic terrains. Transitions between
vesicular, aphanitic, and pyroclastic units create complex and unpredictable flow paths,
resulting in significant differences in permeability and porosity across the area. A
comparative review of literature values highlights this variability:

« Hawaiian basalt aquifers exhibit hydraulic conductivity values ranging from 1 to
2,500 m/day, with £30 to 40% uncertainty due to fracture connectivity and test
scale (Rotzoll et al., 2007).

e Northern Greece volcanic systems show hydraulic conductivity values between
0.19 and 216 m/day, influenced by facies transitions and limited borehole data
(Rapti, 2025).

« In Ethiopia’s Upper Blue Nile Basin, hydraulic conductivity ranges from 0.165 to
49 m/day, with £25% uncertainty linked to weathering and interbedded
sedimentary layers (Tafesse, 2019).

In contrast, this study reports K values of 0.06 to 1.76 m/day for the unconfined aquifer,
and 0.33 to 17.9 m/day for the confined aquifer, with an estimated +30% uncertainty.
These values are considered reasonable for further analysis, given the geological
complexity and data limitations. Incorporating uncertainty into hydraulic conductivity
characterization is essential for improving model reliability and capturing the spatial

variability inherent in volcanic aquifer systems.

Moreover, vertical faults in a plateau and escarpment have the potential to serve as

extensive conduits for deep groundwater recharge, allowing for the migration of water



from surface reservoirs to deeper aquifer systems. Considering the importance of these
geological features, incorporating spatially distributed recharge values into groundwater
modeling is crucial for achieving accurate and realistic simulations of groundwater flow
dynamics in volcanic terrains. Such detailed modeling is essential for effective
groundwater management and resource planning in these complex environments. Vertical
hydraulic conductivities were approximated from their horizontal conductivity multiplied
by 1% to 10% for further simulation (Freeze & Cherry, 1979; Anderson & Woessner,
2015).

4.4.3.4 Storage coefficients

Knowledge of the storage coefficients is critical for computing the available groundwater
storage, estimating aquifer yields, delineating well fields, recharge estimation, and
groundwater flow modeling, including contaminant transport modeling. Specific yield
(Sy) and specific capacity (Sc) for unconfined aquifers and specific storage (Ss) and
storativity (S) for confined aquifers are physical characteristics that characterize an
aquifer's capacity to release groundwater from storage when the hydraulic head
decreases. When evaluating groundwater resources, these characteristics are frequently
ascertained by combining data from laboratory experiments and pumping tests (Freeze &
Cherry, 1979).

The amount of water that gravity drainage releases from storage per unit aquifer surface
area per unit groundwater table decline is known as the specific yield. It represents the
drainable porosity of an unconfined aquifer and is mathematically expressed as Sy =
Vw/Vt, where. Vw = volume of water drained by gravity, Vi = total volume of aquifer
material. It is mainly governed by grain size distribution, pore size, and shape, pore
connectivity of alluvial, and the degree of weathering or fracturing, with their
connectivity in volcanic aquifers. The storage coefficient of an unconfined aquifer is
approximately equal to the specific yield. Computation of the storage coefficient using
analytical methods is difficult due to the absence of observation wells during pumping
tests. In the study area, all pumping tests were carried out without an observation well

water level record. However, the specific yield value obtained for unconfined aquifers



using exploratory wells is in the range of 0.01 to 0.3 with an average of 0.15 (WWDSE,

2008). It is from a few unevenly distributed wells and does not represent the overall study
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Figure 4.8 Distributed representative hydraulic conductivity zones generated for a)

unconfined, and b) confined aquifer systems

Specific storage is the volume of water released from storage per unit volume of aquifer
per unit decline in hydraulic head under confined conditions. It represents the capacity of
an aquifer to release water through compression of the aquifer skeleton and expansion of
water. This study uses the values of the following expression from the literature to
calculate the storage coefficient, also known as the storativity, of the confined fractured
scoriaceous basaltic aquifer.
S=Ss* b, where Ss = pg (o + nf3)
Where S is a storativity or storage coefficient; Ss is specific storage; b-aquifer thickness

(300 m); p is density of water (1000 kg/m®); g is gravitational force (9.8 m/sec?); a is
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aquifer compressibility (10° m?N); n is porosity (0.2); B is fluid compressibility
(4.4x10° m?/N) (Freeze & Cherry, 1979). Hence, the confined aquifer's storage
coefficient is 5.53 x 10,

A review of previous works was made related to the analytical computation of storage
coefficient for confined aquifer system using group pumping of two deep water supply
wells with simultaneous water level monitoring in two observation wells for 3 days at
Mojo wellfield for Adama town water supply project (MS consulting, 2023). The main
reason for reviewing such results is that the hydrogeological and geological configuration
is similar to that of the current study area. The method used to compute the storage
coefficient is the Cooper-Jacob Straight-Line Method (Cooper & Jacob, 1946) with the
following step-by-step computation. The principal data used for further analysis were
pumping rate (Q), time-drawdown data from two observation wells, distances of
observation wells from pumping well (r: and r2), and drawdown measurements (s1 and
s2), followed by computation of transmissivity, and time intercept where drawdown is

zero (to).

Computation of the storage coefficient for the confined aquifer system was carried out
using a synchronized group pumping test of two boreholes (named in the report, BH-20
& BH-21) pumped simultaneously and synchronized (started and ended at the same time)
with two observation wells (BH-22 and BH-07).

Table 4.3 Pumped and observation wells data for storage coefficient computation
(Source: MS consulting, 2023)

Group Observation wells distance from Maximu_m drawdown recorded on .
No Pumped pumped wells, m observation Wells_ after 72 hours of | Discharge,
wells ’ pumping, m L/s
BH-22 BH-07 BH-22 BH-07
1 BH-20 900 1367 95
2 BH-21 500 920 1.66 0.42 105.87

Since there was minimal drawdown on BH-07, only data from observation well BH-22
were utilized for additional analytical calculations (Table 4.3). BH-07 is geographically
far from pumped wells; its negligible drawdown after 72 hours indicates limited
hydraulic connectivity or influence under current test conditions. In contrast, BH-22,



despite a minimal separation from the pumped wells, exhibited a more pronounced
drawdown response, justifying its inclusion in the analysis. This decision aligns with best
practices in aquifer test interpretation, which prioritize hydraulic relevance over spatial
proximity (Kruseman & de Ridder, 1994; Domenico & Schwartz, 1998; Fetter, 2001).
Thus, the transmissivity (T) of the confined aquifer system was calculated using the
T=2.303Q/4nAS relation, yielding 1,389.8 m?/day, and the change in drawdown per log

cycle (AS) was determined from the drawdown vs. log time plot relation, which is 2.29m.

The formula log (req) = (Qzlog(ry) + Qzlog (r2)) / (Q1 + Q2) is a well-established method
for calculating the equivalent radial distance in dual-well pumping scenarios. This
formula derives from the superposition principle applied to radial flow in confined
aquifers. In this context, the equivalent distance between observation wells and multiple
pumping wells is determined through a logarithmic weighted average based on radial
distances and discharge rates (Driscoll, 1986; Kruseman and de Ridder, 1994; Domenico
and Schwartz, 1998; Fetter, 2001), which preserves the analytical integrity of single-well
solutions in dual-well scenarios. This approach is particularly relevant when applying
analytical solutions such as Theis or Cooper-Jacob to systems with multiple pumping
wells, and is widely accepted in hydrogeological practice for simplifying multi-well
interference analysis. Accordingly, the equivalent distance (req) between observation

wells and pumped wells is computed and results in 682m.

Finally, the storage coefficient (Sc) is calculated using S¢c = 2.25 T to/req?, Where Sc-is the
storage coefficient (dimensionless), T is transmissivity (m#/day), to- is the time intercept
where drawdown is zero (days) from the drawdown vs log time plot relation (766.6
minutes or 0.53 days), and req-is computed above. Thus, the storage coefficient (Sc) of the

confined aquifer of the Mojo area, downstream outside of this study area, is 0.045.

In general, the lack of water level recording in observation wells during pumping tests
makes it challenging to estimate storage coefficients using an analytical technique, not
only in this study but throughout the country. Here, an attempt was made to calculate a
storage coefficient, mainly for confined aquifer systems, by utilizing data from the

literature as input into the empirical formula, resulting in 0.000553. In addition, a



previously calculated storage coefficient using a pumping test with an observation well is
0.045, which represents this study area due to the similarity in hydrogeological

characteristics.

When comparing the two sets of results, it becomes clear that the storage coefficient
calculated using data from observation wells and pumping tests offers a more accurate
representation of the study area than the value derived from the literature. This is largely
because practical groundwater level data from a similar geological formation, the
confined scoriaceous basalt aquifer, was utilized effectively. As a result, a storage
coefficient value of 0.045 has been established for the confined aquifer system, which
will be employed in subsequent groundwater flow simulations. However, the lack of
sufficient point data has made it impossible to create a spatially distributed set of storage
coefficient values, limiting the depth and precision of the modeling process.

4.5 Hydrogeochemical and Isotopic Signatures

4.5.1 Hydrogeochemical facies, Residual alkalinity (RA), and Ca?* / Na* ratio

The hydrochemical signature of groundwater in the study area is primarily governed by
the aquifer’s chemical composition and prevailing climatic conditions. Aquifer
mineralogy determines the type of dissolved constituents through processes such as
mineral dissolution, ion exchange, and extended water—rock interaction along deeper
flow paths. Climatic factors, in turn, regulate the concentration and variability of these
constituents via recharge and dilution, evapotranspiration, seasonal fluctuations in total
dissolved solids, and temperature-driven chemical weathering. In essence, aquifer
composition provides the source of ions, while climate dictates their concentration and
temporal variability (Davis & De Wiest, 1966; Todd, 1980). Hydrogeochemical
techniques, thus, shed light on the groundwater flow system by analyzing the variations
in hydrochemical facies throughout the groundwater flow path. In this work, groundwater
chemistry datasets (104 from wells and 20 from springs) were presented graphically
using a trilinear (Piper, 1944) diagram to define the variation in hydrochemical patterns

along the groundwater flow paths.



Accordingly, four distinct hydrogeochemical facies were identified (Figure 4.8a). mixed
CaHCO3/CaMgHCO3, CaNaHCO3, NaCaHCOs, and NaHCOs. The residual alkalinity
(RA), which is the change amid the value of HCOs; and Ca?*+Mg?*, the ratio of
(Ca?*+Mg?") and (Na*+K™), all in meg/l, and RA & Total dissolved solids (TDS) against
the variation in groundwater types along the route are additional characteristics of
aquifers' connectivity. As groundwater flows in a nearly NW to SE direction, its
hydrochemical facies evolve from CaHCO3 or CaMgHCO3 to NaHCO3 water types, the
Ca?*/Na" ratio gradually decreases, RA and TDS increase in general (Figure 3.8b, 3.8c,
and 3.8d).
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of water types along the groundwater flow paths

Higher Ca®*/Na* ratios (>5), lower RA (<2.0), and TDS (<200 mg/l) are seen in the
groundwater of the plateau and escarpment zones. Through dense fractures, meteoric

water has recently entered the groundwater system in these regions, indicating that the
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waters are still in the preliminary phase of geochemical evolution (Figure 4.8a to d). Such
results exemplify that the dominant portion constitutes a recharge area for the
surrounding aquifers. Furthermore, in some deep boreholes and springs (Boreholes.
BHE2, 126, 129, 136, 142, 143, 147, 148, 151, 152, 153, and springs. SPES6, 7, 15, 16,
18) in the same area, exceptionally high values of Ca?*/Na* ratio with relatively high TDS
(TDS > 300 mg/l) and high RA (> 2.0) values were attained. This confirms that the
recharge area for the deep regional groundwater system at USPAB extends beyond the
surface water divide, validating the groundwater outflow from the eastern edge of the
Abbay Basin to the Awash Basin.

4.5.2 Agglomerative Hierarchical Clustering (AHC)

Further analysis was made by clustering the groundwater hydrochemical dataset using
Agglomerative Hierarchical Clustering (AHC) of XLSTAT (Stat Soft Inc., 2008) to come
up with four clusters (Figure 4.9). Groundwater in Cluster-1 and Cluster-3 is nearly
similar, characterized by an average TDS of about 289 and 295 mg/l, respectively. They
are commonly signified by water types of mixed CaHCO3 or CaMgHCO3 (Cluster-1) and
CaNaHCOs (Cluster-3) associated with water samples analyzed for shallow systems
(springs and shallow wells) that fall dominantly in a plateau and transitional escarpment,
circulating in the shallow aquifer system (upper basaltic and alluvial aquifers). Based on
the groundwater evolution principle (Chebotarev, 1955; Hem, 1985; Edmunds et al.,
2006), water in these clusters represents recently recharged water comprising a

preliminary phase of geochemical evolution.

In the same region, shallow wells and springs that originate from the basaltic aquifer,
influenced by small-scale faulting, are classified by specific water types. This highlights
that plateaus and escarpments are recharge areas for the rift basaltic aquifers. On the
other hand, shallow wells (BHE 50, 74, 75, 88, 90, 94, 97, 101, 106, 107, 115, 116, 117,
and 125) drilled in alluvial and Rift basaltic aquifer (Depth < 150m) of central plain part
of the southern portion have mainly CaHCO3 water type of low RA and high Ca/ Na

ratio (2.3 to 6.2) signifies direct recharge from modern meteoric water.



The second cluster, represented by dilute chemistry of low average TDS concentration
(about 165 mg/l) and mixed groundwater types (NaCaHCOs3) encountered partly in
plateau (deep wells. 243 to 654 meters), transitional Rift margin zones (medium depth
wells. 106 to 201 meters), and springs (SPE3,5,8,9, and 10) emanating along fault lines
imply the groundwater in this zone are the result of cation exchange process for
groundwater samples associated with ignimbrite and/or rhyolite geologic units. Most of
them are situated in the transitional escarpment zone associated with a marginal fault
system, which verifies that the transitional escarpment zone, accompanied by high
fracture density bounding the plateau from the northern side, is also the recharge area for
the fractured Rift basalt and Ignimbrite aquifer. A very low TDS value is attributed to

the direct recharge from the meteoric water through the regionally interconnected faults.

Cluster-4 is characterized by hydrochemical facies of mineralized NaHCO3 water type
from deep wells (more than 336-meter depth) in plateau and transitional escarpment
zones along local and regional faults, which include both cold and hot groundwater
tapping dominantly from a highly fractured scoriaceous basalt aquifer have relatively
high TDS of average concentration being 468 mg/l. Some deep wells with low TDS
groundwater on the plateau and on the southern sides show intensive cation exchange in
the scoriaceous aquifer units that replace the entire Ca?* with Na* at a clay layer interface,
with a short residence time proving direct infiltration of rainwater into the deep aquifer
system. Boreholes (BHE18-20,22-24,27,28,51,91,120,134) in this group are highly
mineralized (TDS. 350 mg/l to 628 mg/l) artesian wells found mainly in the southern
part, which could be an outcome of the groundwater evolution from CaHCO3 to NaHCO3
through CaNaHCO3 and NaCaHCOz3 facies laterally through the regional flow route,
proving the interconnection between the highland and part of the southern confined deep

groundwater system.

Previous works carried out in Awash and the adjacent Blue Nile Basins support this
outcome as well (Kebede et al., 2005; Ayenew et al., 2007; Yitbarek et al., 2012).
Moreover, there are also a few mineralized water samples located mainly in the central

southern part, characterized by NaHCO3Cl and NaHCO3SO4 water types from deep



groundwater sources (TDS > 800 mg/l) also illustrates the availability of different

aquifers and aquifer connectivity between highlands and escarpment zones.
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4.5.3 ??Rn evidence

Environmental tracers of surface water and groundwater vary spatially along the
groundwater flow direction in general and are primarily influenced by the surrounding
rock or soil type, residence time, precipitation intensity, and temperature, all of which are
associated with hydrogeochemical processes (Singh et al., 2011; Brindha et al., 2013).
Among the methods recognized for determining groundwater and surface water
connections, 222Rn is the most prevailing unreactive tracer, formed through the *Ra to
238U natural radioactive decay process with a short half-life (3.8 days) of higher
concentration in groundwater (Ellins et al., 1990; Hamada & Komae, 1994; Clark &
Fritz, 1997; IAEA, 2000; Cook, 2003; Hatch et al., 2006; Cartwright et al., 2011,
Cartwright et al., 2014a; Fetter, 2018; Petermann et al., 2018). The low level of ??Rn in
the river indicates that the water is not from local or adjacent groundwater discharge. In
contrast, the presence of the short-lived high ???Rn in surface water consistently shows

that groundwater is feeding the river within its measured reach (Cartwright et al., 2011).

Moreover, permeability conditions in the interface zone are crucial for mediation, and
groundwater-surface water exchange may also have a significant effect on either side of
the hydrological zone water quality (T oth, 1963; Conant et al., 2019; Banks et al., 1995;
Fetter, 2018). Thus, to preserve the existing water resources, it is important to know the
exchange mechanisms and rate. In this section, an effort has been made to identify and
characterize the groundwater-surface water interaction zones using results from a well-

employed and proven environmental tracer, 222Rn.

Of the 44 in situ ??2Rn measurements obtained during the non-rainy season, three came
from boreholes, four from springs, and thirty-seven from various river or stream reaches.
Similarly, during the rainy season, measurements were made at 15 distinct river or stream

sections (Figure 4.11).

The ?22Rn measurement results reveal notable variations along the major rivers (a portion
of the Upper Awash and Muger) and their tributaries during the course of the recording
periods. As a whole, the river and streams 2??Rn values range from 17.1 to 1467 Bg/m?®



during the non-rainy season, while it is in the range from 2.7 to 468 Bg/m? in the rainy

season.

According to qualitative classification, higher values, exceeding 400 Bg/m? for both wet
and non-rainy seasons, were found mostly in the vicinity of the Upper Awash Basin's
outlet sections and moderate to high (ranging from 100 to 400 Bg/m®) along the
escarpment between adjacent surface water divide zones. %?Rn values were relatively
low to very low (2.7 to 100 Bg/m?) in the lowlands of the nearby Blue Nile Basin and the
central plain part of the Upper Awash Basin (Figure 4.12).

The main reason for the very high 22?Rn values obtained (200 to 477 Bg/m?® in the rainy
season and 465 to 1467 Bg/m?® in the non-rainy season) in the southern extreme portion of
the main Upper Awash Basin is related to the regional groundwater discharge due to
highly pervious basaltic geologic units resulting from regional geologic structures (faults
and lineaments) (Figure 4.12). On the other hand, these results in this particular area
demonstrate that it is the regional groundwater outlet zone with a relatively prolonged

residence time.
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Moderate to high values (100 to 200 Bg/m3 for the rainy season and 100 to 465 Bg/m3
for the non-rainy season) were measured from the upstream parts of basins, including the
surface water divide, which is an area where existing streams flow over the highly
fractured coriaceous basalt, Rift basaltic, and ignimbrite geologic units. The 2°2Rn records
subsequently make it evident that this area is identified as a local groundwater discharge
zone, with a short residence time for the groundwater to dissolve and combine adequate
222Rn.

The impervious geologic units (ash and silty-clay deposits) that cover the central flat land
of the Upper Awash Basin have very low values below 100 Bg/m? in both rainy and non-
rainy seasons. These units are largely unaffected by geologic structures with low
lineament density coverage, which results in almost no or poor surface water-

groundwater linking.
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Figure 4.12 Categorized ???Rn activity concentrations in rivers and streams during (a) non-
rainy and (b) rainy seasons, accompanied by aquifer units and lineaments of the area.
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Furthermore, the main Awash River and its tributaries flow over riverbed materials
consisting of fractured rock units, such as ignimbrite and basalt in some areas, while in
other areas, on clay to silty clay, as noted during fieldwork. This is demonstrated by the
fact that floodwater inundates the central plain of the Upper Awash Basin for a
considerable duration of time after the rainy season ends. Additionally, the high ?*’Rn
records from groundwater in existing boreholes and springs clearly show that

groundwater contributes significantly to rivers and streams through weak zones.

4.5.4 Electrical Conductivity (EC) Evidence

To understand further the connection between aquifer units and surface water bodies,
seasonal EC measurements of rivers, streams, and groundwater along the general
groundwater flow direction were made in conjunction with the 222Rn values. In summary,
by measuring both electrical conductivity and radon levels seasonally along the
groundwater flow direction, you can track the dynamic interactions between groundwater
and surface water. This can help us to understand how groundwater contributes to surface

water bodies, and how seasonal changes impact this relationship
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The result shows a clear variation as of 22Rn. The EC of rivers and streams varies from
100 to 270 pS/cm in the rainy season and from 142 to 677 uS/cm in the non-rainy season.
The study area outlet portions, part of the Upper Awash and Muger Watershed, have the
highest and lowest electrical conductivity values, respectively. The low electrical
conductivity at the Muger outlet station can be attributed to the significant dilution from
tributaries, rainfall recharge, and rapid flow conditions, which reduce the concentration of
dissolved ions.

Rivers and streams that flow from the plateau to the escarpment, including surface water
divide areas, have EC values between 352 and 435 pS/cm during the non-rainy season,
while parts of the Upper Awash outlet zones have EC values between 480 and 677
pS/cm. Rivers in the Muger valley and central plain of the Upper Awash have low values
between 142 and 286 puS/cm (Figure 4.13). Rivers and streams exhibit EC values of 140
to 170 uS/cm near the surface water divide areas, below 120 puS/cm in the central plain
part, and 180 to 270 uS/cm at the outlet section of the Upper Awash Basin during the wet
season.

A substantial spatial variation along stream and river flows is observed based on the EC
measurement. In light of this, the southern and southeast regions of the Upper Awash
Basin have the highest values in both seasons, which are associated with the regional
groundwater discharge to the main Awash River from the deeply faulted volcanic rocks.
Due to impermeable sediment units, the stations in Muger Valley and the middle flat
terrain of the Upper Awash had the lowest values, indicating a weak aquifer-surface
water link, and this result is primarily consistent with the findings of an earlier study
(Azagegn, 2015). For streams running in the surface water divide area, the corresponding
intermediate values of 140 to 180 pS/cm and 285 to 435 uS/cm were observed
throughout rainy and non-rainy seasons, further demonstrating that groundwater is

discharging into streams through pervious geologic units of ignimbrite and basalt.

4.5.5 Stable isotopes (820, 6°H)
Stable isotope data of water were employed to support the hydrogeological and
hydrogeochemical results, which are displayed as a scatter plot to illustrate the recharge

area of aquifer systems. Using data from the IAEA-Addis Ababa station database, the



weighted average monthly §'80 and &°H values for the research area's representative
long-term (1961 to 2022) monitoring are. summer rain. -1.2 %o & +4.3 %o, and spring
rain. +0.7 %o & +17.1 %o. Numerous isotopic signatures (580 and §?H) from various
water sources associated with the area for which samples were gathered are displayed in
Figures 4.14a & 4.14b. The generated LMWL and LEL are in line with earlier theories
regarding the Awash Basin (Craig et al., 2005; Kebede & Travi, 2012). The isotopic
composition of the area's shallow groundwater varies significantly between -3.13 %o to -
0.61 %o with an average of -1.34 %o in 5'80 and -11.0 %o to 4.8 %o with an average of -
3.01 %o in 8°H, while the deep groundwater varies between -5.39 %o to -2.33 %o with an
average of -3.9 %o in 5180 and -29.2 %o to -9.53 %o with an average of -18.2 %o in 6°H.

Water samples from low-yield springs and shallow sources (Depth < 150 meters) have
isotopic signals that are enriched, whereas the deeper source (Depth > 300 meters)
groundwater is significantly depleted (Figure 4.14a & 4.14b). For shallow groundwater,
mainly for the southern portion, the enrichment with a high mean value (13.3) of
deuterium excess related to the LMWL d-excess of 11.37 exemplifies recharge from
fractionated summer rain and/or streams (Clark & Fritz, 1997), as most shallow boreholes

in the central southern plain are situated near streams.

Most deep wells intercept the deep regional aquifer, and its isotopic signals (580 and
52H) reveal a low mean value of deuterium excess (around 11), which is significantly
depleted regarding the summer rain. The result indicates that the deeper regional aquifer
system, especially for the southern section, receives its primary recharge from heavy
summer rain that falls on the highland/plateau area during cooler weather. It further
implies a lengthy residence time for subsurface recharge via deep circulation into a deep
scoriaceous regional aquifer. Similar isotopic compositions between the deep aquifer
system with some cold and thermal high-yield springs that primarily emerged at the
interface between ignimbrite and basaltic rock indicate subsurface recharging from the
plateau (Figure 4.14a).

The results also confirm the litho-hydro stratigraphic relationships outlined and discussed
in section 3.5.1. In contrast, the deeper aquifer in the region shows notable isotopic



depletion in 8°H and 520, consistent with earlier findings (Kebede et al., 2007; Ayenew
et al., 2007; Rango et al., 2010; Yitbarek et al., 2012; Azagegn et al., 2014) and suggests
that the plateau and PUAB regionally confined groundwater system is connected
hydraulically via a network of interconnected fault networks.
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4.6 Recharge estimation

Groundwater recharge is the process by which water moves downward from the surface
to replenish the groundwater table, either through direct contact or percolation. This
process is essential for the hydrological cycle, supporting the long-term sustainability of
groundwater resources. Recharged water can be extracted for various uses or contribute
to the river and stream flow. Factors influencing recharge rates include lithology,
geological structure, rainfall intensity, urbanization, vegetation, and climate (De Vries &
Simmers, 2002; Yeh et al., 2016).

Nowadays, groundwater recharge estimation in groundwater resource valuation has
moved from a basic problem to a fundamental one. It is practically a difficult task due to
the uncertainties and assumptions associated with different methods of analysis that differ
in the type of recharge, space, and time scales represented (Simmers, 1988; Lerner et al.,
1990; Scanlon et al., 2002; Nimmo et al., 2005; Scanlon et al., 2006; Healy, 2010).
Recharge estimation requires a good conceptual hydrogeological model, and the accuracy
of the recharge estimate depends largely on the correlation of the conceptual model to the

actual physical model (Lerner et al., 1990).

Developing an accurate conceptual model of the study area, considering the local climate,
hydrological, and hydrogeological conditions, is crucial for reliable recharge estimation.
If the conceptual model is incorrect or oversimplified, it can lead to inaccurate estimates.
Various methods and techniques are available to estimate groundwater recharge, but the
selection and application of these methods require careful consideration of the area.
Referring to the current state of science, it is extremely tough to assess the accuracy of
any method, and the usage of multiple estimation methods is beneficial, as any single
method is vulnerable to sources of error that may be recognized and corrected with
results from other methods (Healy & Cook, 2002; De Vries & Simmers, 2002).

Since recharge takes place below the surface, it is frequently challenging to measure
directly. Thus, indirect estimate techniques are commonly employed. In conclusion, using

a variety of approaches to estimate groundwater recharge is a practical approach that



considers the uncertainties and constraints included in each technique (Lerner et al.,
1990; Scanlon et al., 2002).

In this study, attempts were made to estimate and evaluate the recharge rates with
previous results for the two (unconfined and confined) aquifer systems using a diversified
approach, including Water Balance, Water Table Fluctuation (WTF), Baseflow
Separation (BFS), and Darcian methods, including valuation of groundwater inflow from

the adjacent Blue Nile sub-basin (Muger Watershed).

4.6.1 Baseflow separation method

Baseflow separation differentiates between Baseflow and surface runoff components in a
streamflow hydrograph. Baseflow represents the portion of streamflow that is sustained
by groundwater discharge, which is typically characterized by a more stable and slowly
varying flow component, as it is influenced by the long-term storage and release of water
from aquifers. Surface runoff refers to the direct contribution of precipitation or other

surface water inputs to streamflow.

By analyzing both short-term and long-term hydrographs, it is possible to determine the
groundwater component or Baseflow (Arnold & Allen,1999; Woessner, 2020), which can
further serve as an estimate of recharge. Baseflow index (BFI) is the ratio of long-term
mean baseflow to total streamflow, which reflects the contribution of groundwater
discharge to streamflow, serving as a proxy for recharge inferred by assuming that
baseflow originates from groundwater that was previously recharged, and the method
assumes steady-state conditions, where recharge equals discharge over long time scales.
There is also the assumption that losses from the gauged watershed due to underflow,
groundwater evapotranspiration, and abstraction are minimal and can be neglected (Riser
et al., 2005).

The study area is heterogeneous, and its recharge and discharge paths are non-linear and
anisotropic, which affects the baseflow character. Applying BFI for recharge estimation
in this area indeed requires careful consideration. Calibration to local conditions, such as
lithology, lineament density, and aquifer connectivity, along with validation using

independent methods, is quite important. The accuracy of the separation results depends



on the quality and availability of streamflow data, the hydrological characteristics of the
watershed, and the specific method used. Overall, hydrograph separation methods play a
crucial role in understanding the hydrological processes within a watershed and provide
valuable information for water resources management, flood prediction, and

environmental assessments.

So far, several Baseflow separation techniques have been developed and used by
different researchers. out of which, the River Analysis Package (RAP) (Stewardson &
Marsh, 2003) and a TIMESPLOT Recursive Digital Filter (RDF) (Brodie & Hosteler,
2005) were used in this study to quantify the recharge.

The River Analysis Package (RAP) software was used in estimating the average annual
Baseflow index. It contains the Time Series Analysis (TSA) component to help
researchers tackle various river management projects (Stewardson & Marsh, 2003). TSA
analyses use daily time series flow data to generate summary statistics over time. The
program was developed with a graphical user interface that allows users to interactively
investigate time series data and undertake the Lyn-Hollick filter expression (Lyne &
Hollick, 1979) to calculate the Baseflow component of the hydrograph in RAP with an a
(alpha) value of 0.975.

The TIMESPLOT recursive digital filter, which is a routine tool for signal analysis and
processing, is used to remove the high-frequency quick-flow signal to derive the low-
frequency Baseflow signal (Lyne & Hollick, 1979; Nathan & McMahon, 1990; Brodie &
Hosteler,2005). The filtering method uses a numerical algorithm for the separation of
stream hydrographs, and the filter is generally run multiple times through a dataset. Such
a filter is simple and robust, but the results are very sensitive to the Baseflow filter
parameter alpha (o), which needs calibration using daily discharge data empirically for
each station before the results can be considered numerically valid. To perform the filter,
the expression mentioned in (Brodie & Hosteler,2005) was used.

Qe aqein) +(1+a)/2 |:q(i)-q(i,1):| for qaiy> 0 Otherwise
0 (1

Qo= @4t (2)




Where; qggi)-is the quick flow response at the i sampling instant, ggg-1) is the quick filtered
flow for the previous sampling instant to i, qg is the original streamflow at the i
sampling instant, q-1) is the original streamflow for the previous sampling instant to i,
O is the Baseflow at the i sampling instant, and is the filter parameter that enables the

shape of the separation to be altered.

The recursive digital filter calculates the Baseflow for each interval (day-i) using
information about the flow on day-i, day i-1, and parameter values. The Baseflow index,
which is the long-term ratio of Baseflow to total stream flow, is commonly generated

from this analysis.

Both methods (RAP and TIMESPLOT) need daily river/stream flow data as input for
analysis. Records from 11 stations (7 stations from part of the Upper Awash Basin and 4
stations from the adjacent Blue Nile Basin) (Figure 1.1b), having the latest records
ranging from 8 to 20 years, were collected from the Ministry of Water and Energy
Authority to evaluate the Baseflow index for the recharge estimation.

In this study, the mean annual BFI is analyzed using the RAP technique for a values of
0.93, 0.95, 0.975, 0.98, and 0.99. We used a mean annual BFI for a = 0.975 from the
RAP technique and for oo = 0.989 from the TIMESPLOT generated for each station. The
mean annual recharge values from two methods are generated using a long time series of
daily flow data for PUAB and PBNB stations. Finally, the recharge computed using BFI
(R = BFI* Quwta/Area) is aligned with the lineament density and local geology of each
station. It shows that high BFI values from stations at the escarpment (EGS1, EGS3,
EGS4), the Outlet part of UAB (EGS7), and from the plateau (EGS8 to EGS11) are
aligned with high lineament density (LD > 0.4 km/km?) and fractured basaltic unit.
Furthermore, the mean annual recharge computed from this method is validated with the
results of independent methods, like WTF and Darcy's approach, for further simulation

purposes.
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Figure 4.15 The resulting sample graph after a) RAP and b) TIMESPLOT analysis
specifically for the Part of the Upper Awash Basin (PUAB) outlet station (Melka-kunture
station-EGS7)

The sample Baseflow separation graphs (Figure 4.15a and 4.15b) after RAP and
TIMESPLOT analysis for PUAB station (EGS7) found in the outlet part and Baseflow or
recharge rates obtained for different gauged streams from the two adjacent Watersheds
are given in Table 4.4. The analysis of Baseflow separation using RAP and TIMESPLOT
graphs is included in Appendix-8 and Appendix-9.

The weighted mean annual recharge rate, representative of the sub-basins, was obtained
from the Baseflows of the gauged streams weighted with their respective catchment
areas. As the station at the outlets PUAB (EGS7) and PBNB (EGS11) incorporate all the
aforementioned catchments, instead of averaging, it is logical and better to consider the
recharge values at EGS7 (102.2 mm/y or 455.3MCM/y) and EGS11 (56.4 mm/y or 150.8
MCM/y) are the sub-basins’ mean annual recharge amounts (Table 4.4). Thus, the

estimated mean annual recharge from Baseflow separation using RAP and TIMESPLOT
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techniques for PUAB and Blue Nile Basins is 9.2 % and 4.2 %, respectively, of the mean
annual precipitation.

Table 4.4 Estimated mean annual recharge rate obtained using hydrograph separation
using RAP and TIMESPLOT techniques for part of the Upper Awash and its adjacent
Blue Nile Basins

mean annual BFI

. Daily |Annual . . .| mean annual BFI Annual . Weighted
Area,
D Station name Longitude | Latitude 2:":;”5 Available datarecord | *%' | Flow, | Total us'gg;(':e' (/;r/f;’)’s's using TIMESPLOT is{e‘ra  [recharee, \r';’;']g'r“edn']':/a" Base flow,
o mysec |flow,mm ge‘ Technique < mm ge.mmiyr MCM/yr
Technique
EGs1 |Upper Awash at wolonkomi 38°1454.05 (9°0230.99 | 2132 | 4/9/1997 [24/12/2005 60.0 0.82 403.2 0.49 0.54 0.52 207.62 28 0.2
EGS2 |Upper Awash at Ginchi 38°1036.78 |8°5937.54 | 2190 | 1/1/1996 [30/12/2010 76.0 0.99 4124 0.23 0.23 0.23 94.84 16 0.1
EGS3 |Upper Awash at Holeta 38°3002.04 [9°0610.29 | 2467 | 1/1/1994 [30/12/2009 119.0 1.45 384.3 0.49 051 050 | 192.15 51 0.6
EGS4 |Upper Awash at Addis Alem 38%2257.11" [9°0316.73° | 2350 | 1/1/1994 [30/12/2012 248.0 2.81 357.3 0.55 0.59 0.57 203.68 11.3 2.8
EGS5 |Upper Awash at Asgori 38%2200.69 |8%4813.63 | 2073 | 1/1/1996 |9/12/2014| 662.5 373 177.4 0.32 0.32 0.32 56.75 8.4 56
EGS6 |Upper Awash at Bello 38%2513.81 [8%4813.94 | 2053 | 1/1/2004 |28/4/2015|2568.8| 10.48 128.6 0.58 0.58 0.58 74.59 43.0 110.5
EGS7 |Upper Awash at Melka kunture  (38°3839.05 [8°3916.95 | 2004 | 1/1/1986 |26/6/2016|4456.0| 29.17 206.4 0.49 0.50 0.50 102.18 102.2 455.3
Total Recharge for parts of the Upper Awash Basin in the study area (Watershed total area=4456.0 kmz)
EGS8 |Muger at Roba 38°4405.65 [9°1606.79° | 2554 | 1/1/1989 [31/12/2011 30.00 0.34 177.77 0.49 0.51 050 | 102.16 6.27 03
EGS9 |Muger at Gerbi 38°2510.76' [9°1956.01° | 2624 |10/26/1989|26/4/2010| 65.00 0.95 394.20 0.52 051 0.51 95.61 127 2.0
EGS10 |Muger at Sibilu 38°4444.49' |9°1216.26° | 2551 | 1/1/2003 | 8/1/2011 |375.00| 6.63 843.19 043 0.49 046 | 203.20 155.8 119.5
EGS11 |Muger at Muger 38°4352.34° [9°2504.76" | 2547 | 1/1/2003 [29/12/2011/489.00| 9.76 464.59 0.46 0.51 0.49 56.42 56.4 150.8
Total Recharge for parts of the Blue Nile Basin in the study area (Watershed total area=489.0 km?)

Note. EGS1 represents. E-First word of the Author’s name, GS1-Gauged station- number

4.6.2 Water balance method

The water balance method, initially developed in the 1940s, was later refined based on
water accounting principles. This approach accounts for the inflows into the system, the
outflows, and changes in storage, including groundwater and water present in soil, ponds,
and vegetation, during the specified period (Thornthwaite, 1948; Thornthwaite & Mather,
1957). The universal concept of mass conservation of water implies that the water
balance method is applied over any space and time scale (Healy et al., 2010), which is

good after the conceptualization of hydrologic systems at all scales.

In recharge estimation, understanding the hydrological system of the area is critical as
evaporation and infiltration are major elements in hydrologic water balance analysis, for
which some amount of the infiltrated water added to the groundwater reservoir through
recharge is critically dependent on the geological structure as well as the nature of the
geologic material. So, the estimation of groundwater recharge involves handling the
surface and subsurface phenomena interactions, which include the knowledge of the
geological nature of the area, soil characteristics, land use, and land cover conditions, as
well as the topography and slope. In addition to that, the study of climatic characteristics
(Temperature, Relative humidity, wind speed, and sunshine hours) is vital to estimating

the water balance components. Except for surface runoff in a well-defined geometric



boundary, variables included in a general water balance equation cannot be directly

evaluated but estimated using different approaches (Jr & Lewis, 2003).

As the area includes part of the Upper Awash and the adjacent left flank of the middle
Blue Nile Basins, which are hydraulically connected systems thought by different
researchers (Kebede et al., 2007; WWDSE, 2008; Yitbarek et al., 2012; Azagegn et al.,
2014), the inflow components include groundwater flux from the portion of Blue Nile
Basin in addition to precipitation. The outflow components include the actual
evapotranspiration (AET), runoff, groundwater outflow, and groundwater withdrawal by
pumping. Considering the above inflow and outflow components, the general
groundwater balance equation to estimate recharge in the area for a given time is given

as.

R = (P+Gwi) - (AET + Ro + Gwo + A)

Where. R-is annual recharge (mm), P-is mean annual precipitation (mm), AET-is mean
annual actual evapotranspiration (mm), Ro-is mean annual runoff (mm), Gui-is
groundwater inflow from the adjacent sub-basin (mm), Gwe-is groundwater outflow

(mm), and A-is annual abstraction of groundwater using pumping (mm).

Before recharge estimation, values for precipitation, potential evapotranspiration (PET),
actual evapotranspiration (AET), runoff (Ro), and annual abstraction (A) were quantified.
The areal precipitation of the area was calculated using the Isohytal and Theisen polygon
methods. The areal precipitation of the area using the Isohytal and Theisen polygon
methods estimates that the yearly average precipitation for the PUAB is 1113

millimeters, while the Abbay Basin portion experiences 1326 millimeters.

The mean monthly potential evapotranspiration (PET) is computed using the
Thornthwaite equation along with long-term meteorological data from different stations.

So, the average value from the Thornthwaite formula is used for the computation of AET.



Table 4.5 Mean PET values (mm) obtained from the Thornthwaite approach

Area |Jan | Feb [ Mar | Apr | May | June | Jul | Aug | Sep | Oct | Nov | Dec | Annual

PUAB | 549 | 658 | 71.0 | 746 | 77.8 | 73.4 | 659 | 63.3 | 60.2 | 56.3 |53.2 | 62.8 | 779.3

PBNB | 42.7 | 47.6 | 54.1 | 55.4 | 56.7 | 51.4 | 46.1 | 43.0 | 43.1 | 40.3 | 38,5 | 37.4 | 556.2

N.B. PUAB- Part of the Upper Awash Basin, PBNB- Part of the Blue Nile Basin
Actual evapotranspiration (AET) is the major water balance component of water
evaporated back to the atmosphere from the soil and vegetation under the prevailing soil,
water, and atmospheric conditions. There are various methods of AET computation,
among which the Turc and the Soil Moisture Deficit (SMD) empirical methods were
used. The Turc method (Turc,1961) is an empirical equation that uses only air
temperature and precipitation as input and is simple to implement. It assumes vegetation
is well watered, making it more suitable for humid regions, and estimates the mean
monthly AET based on measurements of maximum and minimum air temperature and

precipitation using the equation.

AET= P /(1.9 +(P/300+25T+0.05T%)2)%5

Where AET is the mean annual actual evapotranspiration (mm), P is the mean annual
precipitation (mm), and T is the mean annual air temperature (°C).

Table 4.6 AET values (mm) computed using the Turc method

Area |Mean annual precipitation, mm |Mean annual Temprature, °c  |AET, mm
PUAB 1113 17.23 602.8
PBNB 1326 14.2 624.5

Additionally, the AET value of the area was computed using a soil moisture deficit
(SMD) method. 1t is a physically-based approach that accounts for soil moisture
availability, root depth, evapotranspiration demand, and is more responsive to seasonal
variability, land cover, and soil properties. It requires detailed input data but offers
greater realization in water-limited environments. In principle, the value of soil moisture
deficit and AET varies with soil type and vegetation (Shaw, 1994). For this purpose,
classification of the area using land use /land cover, soil type, and vegetation with
varying root depths (Figure 4.16) covering the area is important for SMD. The

combination of land use/land cover and soils with the proportion of area coverage has



been recognized from the latest 2020 version FAO land use/land cover and soil maps of
Ethiopia.

The vegetation covering the area is forests, perennial crops, dense and open woodlands,
bush and grasslands, and cultivated lands. Perennial crops, forests, and woodlands are
categorized together, and cultivated areas are those areas that are used for shifting
cultivation (50% cultivated and 50% covered with grasses for grazing), and hence 50%
grouped as grassland and 50% as cultivated lands. Accordingly, grassland covers about
13.86%. The remaining 37.05% of the area is dominantly cultivated, mostly with maize
and sorghum crops. Cultivated lands with cereals, grass, and forest were characterized by
root constants. 75 mm, 150 mm, and 250 mm, respectively (Shaw, 1994).

Thus, the area is classified into three land use/land cover units and vegetation with
varying root depths. Accordingly, the AET of the area is calculated using the
Thornthwaite and Mather standard SMD method based on the monthly mean
precipitation and mean monthly PET. The AET values calculated for each land cover unit
(root constants) were weighted with the proportion of their aerial coverage to get the
mean AET values of the sub-basins from the SMD method (Table 4.7).

Figure 4.16 Land use/land cover map (Modified from FAO, 2020)

Table 4.7 AET values in mm computed using the soil moisture deficit (SMD) method

Area |Jan |Feb |Mar |Apr |May |June |Jul |Aug |Sep |Oct |Nov [Dec [Annual
PUAB|28 |39 |67 |80 |88 |96 |82 |88 |94 |97 |54 |33 |845.1
PBNB|42 |30 |52 |55 |57 |51 |46 |43 143 140 |39 |37 |536.2




While both the Turc and SMD methods have merit, the SMD approach is generally more
reliable across diverse landscapes due to its physically-based nature and sensitivity to
local hydrological conditions. In PUAB, SMD effectively accounts for urban hydrology
and limited infiltration, whereas in PBNB, it reflects the interplay between vegetation,
elevation, and cooler climate. The Turc method, though useful in forested and humid
zones like PBNB, may oversimplify AET dynamics in more complex or water-limited
settings.

Finally, AET values computed using the Turc and SMD methods for the area were

averaged for subsequent use (Table 4.8).

Table 4.8 Mean annual AET (mm) of the area

Area  [Turc Method |SMB method |Awerage
PUAB |602.8 845.1 723.9
PBNB |624.5 536.2 580.3

The most notable difference is observed in the actual evapotranspiration (AET)
calculated using soil moisture deficit (SMB) as compared to the Turc method (Table 4.8).
The average AET values derived from these two methods indicate that the PUAB region
has higher AET values than the PBNB basin. The PUAB area features extensive built-up
regions and impervious surfaces, which can indirectly influence local microclimates and
runoff patterns. In contrast, the PBNB basin is primarily covered by natural vegetation
and forests, which enhance interception and transpiration and promote infiltration. These
differences in surface and vegetative cover likely explain the variation in AET observed

between the two regions.

Runoff (Ro)

Hydrograph separation techniques using RAP and TIMESPLOT were used to determine
the mean annual volume of runoff since the study area, parts of the Upper Awash and
Blue Nile Basin, have had daily river discharge data available at their respective outlet
stations, EGS7 and EGS11. After analysis utilizing such methods, the estimated mean
annual runoff for the outlet portions of the Upper Awash and Blue Nile Basins is 103.2

mm and 416.7 mm, respectively (Table 4.9).



Table 4.9 Estimated mean annual runoff obtained using the Baseflow separation

techniques for part of the Upper Awash and its adjacent Blue Nile Basins.

ID Station Longitude |Latitude |Altitude| Available data record [Area, |Runoff|Daily Flow, |Weighted |runoff,
(mas.l) Km? |index |m¥/sec mean,mm/yr |MCM/yr
EGS1 |Upper Awash at wolonkomi  (38°14'54.05 (9°0230.99 | 2132 | 4/9/1997 |24/12/2005| 60.0 | 0.48 0.77 2.6 11.6
EGS2 |Upper Awash at Ginchi 38°1036.78°18%5937.54 | 2190 | 1/1/1996 [30/12/2010| 76.0 | 0.77 0.99 5.4 24.1
EGS3 |Upper Awash at Holeta 38°3002.0419°%610.29" | 2467 | 1/1/1994 [30/12/2009| 119.0 | 0.50 1.45 5.1 22.9
EGS4 |Upper Awash at Addis Alem  |38°2257.11|9°0316.73'| 2350 | 1/1/1994 |30/12/2012| 248.0 | 0.43 2.81 8.6 38.1
EGS5 |Upper Awash at Asgori 38%2200.69 [8°4813.63 | 2073 | 1/1/1996 | 9/12/2014 | 662.5 | 0.68 3.73 17.9 79.9
EGS6 |Upper Awash at Bello 38%2513.81"(8°%4813.94° | 2053 | 1/1/2004 | 28/4/2015 | 84.0 | 0.42 10.48 311 138.7
EGS7 |Upper Awash at Melka kunture (38°3839.05 (8°3916.95 | 2004 | 1/1/1986 | 26/6/2016 |4456.0| 0.50 29.17 103.2 459.9
Total runoff for parts of the Upper Awash Basin (Total area=4456.0 km?)
EGS8 |Muger at Roba 38%405.65 [9°1606.79°| 2554 | 1/1/1989 (31/12/2011| 30.0 | 0.50 0.77 24.7 12.1
EGS9 |Muger at Gerbi 38%2510.76 [9°1956.01° | 2624 |10/26/1989| 26/4/2010 | 65.0 | 0.49 0.95 30.0 14.7
EGS10 [Muger at Sibilu 38%44'44.49' |9°1216.26 | 2551 | 1/1/2003 | 8/1/2011 |375.0 | 0.54 6.63 2309 | 1129
EGS11 |Muger at Muger 38%352.34|19°504.76 | 2547 | 1/1/2003 [29/12/2011| 489.0 | 0.51 12.67 416.7 203.8
Total runoff for parts of the Blue Nile Basin (Total area=489.0 km?)

Abstraction (A)

In the research area located within a portion of the Upper Awash Basin, there are 135

water supply wells. These wells serve a crucial purpose, providing water for various

needs including irrigation, industrial operations, and residential consumption. The limited

experience in the country with monitoring groundwater quality, quantity, and levels has

made it difficult to accurately estimate and measure groundwater extraction from aquifer

systems. As a result of this limitation, the annual withdrawal of water from the

groundwater source through 116 supply wells (located within the boundary) has been

estimated (Table 4.10) based on discussions about the daily extraction of groundwater

from municipal and rural water supplies, along with information from individuals and

organizations.

Table 4.10 Estimated current groundwater abstraction from a PUAB

Average Number Daily Consumption |Annual Annual
No. | Type of wells Depth,m discharge, (Litre) by 14 hours |consumption, .
=7 lof wells ; . consumption, mm
Lis pumping, L/14 hrs | Mm’
1 |Shallow wells <150m 52 56 14,676.480.0 5.36
2 |Medium depth wells|Between 150 and 250 39 36 7.076,160.0 2.58 525
3 |Deep wells = 250m 35 24 42,336.000.0 15.45 -
Total| 116 64,088,640.0 23.39




Recharge (R)
By considering the computed inflow and outflow components, the groundwater recharge
of the area was calculated using the water balance expression shown in Table 4.11.

Table 4.11 Annual recharge computed using the water balance approach

Area Rainfall, | AET, Ro.mm | A mm Areg, R, mm R, ;
mm mm Km Mm

PUAB 1112.7 723.9 103.2 5.25 4456 | 280.4 | 1249.2

PBNB 1325.7 580.3 416.7 Negligible | 1085 | 328.68 | 356.6

Groundwater inflow (Gwi)

The study area includes part of the Upper Awash Basin and the adjacent left flank of the
Blue Nile Basin, known as the Muger Watershed. Numerous studies have established the
understanding that the two adjacent Watersheds exhibit hydraulic connectivity, as
indicated by a range of evidence gathered mainly from geological, hydrogeochemical,
and isotope analysis techniques (Kebede et al., 2007; WWDSE, 2008; Yitbarek et al.,
2012; Azagegn et al., 2014; Berhanu et al., 2017). Accordingly, groundwater circulation
in the study area is strongly influenced by the local geomorphic framework and the
subsurface arrangement of permeable and impermeable lithologic units. These factors
govern both the vertical extent and horizontal flow patterns of groundwater movement. In
particular, the presence of an East-West-oriented horst structure in the Muger sub-Basin,
composed predominantly of impermeable mudstone, plays a critical role in shaping

aquifer geometry and hydraulic connectivity.

This mudstone horst lies beneath the overlying Tertiary volcanic formations, which host
the area’s primary aquifers. Due to its low permeability, the mudstone acts as a hydraulic
barrier, segmenting the aquifer system into two distinct groundwater sub-basins: the
Muger sub-basin to the north and the Upper Awash sub-basin to the south. This structural
control disrupts the continuity of groundwater flow and contributes to asymmetric
recharge and discharge patterns across the region. Importantly, in the northern and
northwestern escarpment zones, the surface water divides do not align with groundwater
divides. This mismatch arises from subsurface heterogeneity and the influence of buried

structural features, such as faults and lithologic contacts, which redirect groundwater



flow independently of topographic gradients. As a result, groundwater may cross surface
watershed boundaries, complicating basin-scale water budgeting and resource
management. Understanding these structural and geomorphic controls is essential for
delineating aquifer extents, predicting flow paths, and designing sustainable groundwater

development strategies in the Upper Awash Basin.

Moreover, the recharge zones within the Muger (1,770 km2) sub-basin contribute
significant groundwater flux to the Upper Awash groundwater basin. These zones are
structurally connected through fault-controlled flow paths and permeable volcanic
formations, enabling inter-basin groundwater transfer. To quantify this contribution in
this study, the total volumetric recharge from the Muger sub-basin is first estimated using
mean annual recharge rates and total sub-basin area. The groundwater outflow to the
Upper Awash basin is then calculated as the difference between total recharge in the
Muger sub-basin and the recharge retained within the contributing areas. This approach
assumes that the flux from the contributing zones is proportional to their spatial extent
and recharge intensity.

Mathematically, the groundwater outflow from the Muger sub-Basin is expressed as:
QouthOW:Acontiributing * Rmean
Where: Qoutfiow = groundwater flux to Upper Awash (mm/year), Acontributing = area of

contributing recharge zone (km?), and Rmean = mean annual recharge rate (mm/year)

This method provides a spatially explicit and geologically validated estimate of inter-
basin groundwater transfer, supporting the conceptual model of regional aquifer
connectivity and informing sustainable resource management strategies. Recharge to the
Muger and Upper Awash sub-basins has been determined using the water balance
approach, with the results presented in Table 4.11. Based on the justifications discussed
above and this study, the recharge area of 1,059 km2 in the Muger sub-basin contributes
groundwater flux to the Upper Awash groundwater basin. Consequently, the total
volumetric recharge to the Muger groundwater sub-basin is calculated as the difference
between the total volumetric recharge into the Muger sub-basin and the volumetric
recharge from the areas that contribute to it. This groundwater outflow from the Muger



sub-basin is estimated by considering the size of its recharge area, which contributes to
groundwater flux in the Upper Awash basin, as a factor of the mean annual recharge of
the Muger sub-basin. Therefore, the groundwater flux from the portion of the Blue Nile
Basin (Muger Watershed) was computed, and the result is shown in Table 4.12.

Table 4.12 Annual groundwater flux to the Upper Awash groundwater system after the

water balance approach

Contributing | Recharge, | Groundwater flux | Groundwater flux
Area |area, Km?> | mm to PUAB, mm to PUAB, Mm?®
PBNB | 1059 328.7 320.8 348.1

Due to the groundwater flux from the adjacent sub-basin, the volumetric recharge for part
of the Upper Awash Basin was finally computed in Table 4.13.

Table 4.13 Computed annual recharge and the water balance for part of the Upper Awash
Basin using the water balance method

Watershed | RF, mm | AET, mm | Ro, mm A, mm ﬁ[ﬁ?’ R, mm | R, Mm?3

PUAB 1112.7 | 723.9 103.2 5.25 4456 | 280.4 | 1249.2

Groundwater flux from the adjacent sub-basin | 320.8 | 348.1

Total recharge | 601.2 | 1597.3

Water balance for PUAB
Watershed | RF, mm | Gi, mm AET, mm Ro, A, Go, mm
mm mm
PUAB
(4456 Km?) 1112.7 | 320.8 723.9 103.2 5.25 601.2
Where:

RF = rainfall (mm), AET=actual evapotranspiration (mm), Gi= Groundwater inflow to
PUAB from the adjacent Muger Watershed (mm), Ro=Runoff (mm), A=Abstraction

(mm), and Go=Groundwater outflow from PUAB (mm)

4.6.3 Water Table Fluctuation (WTF) Method
Techniques that measure groundwater levels over time and across different locations are
among the most widely used methods for determining recharge. The WTF practice has

been developed and refined since the early 1920s (Meinzer, 1923; Meinzer & Stearns,



1929; Rasmussen & Andreasen, 1959; Gerhart, 1986; Charles & William, 2001; Delin et
al., 2007).

This method examines variations in groundwater level over time to estimate recharge for
unconfined aquifers using the assumption that the amount of available water in a column
of unit surface area is equal to specific yield times the height of water in the column,
which is straightforward to apply based on the idea that increases in groundwater level in
unconfined aquifer is caused by recharge water arriving at the water table (Healy &
Cook, 2002). Water level measurements from wells are the principal source of
information used to assess annual and long-term variations in groundwater storage and

monitor the effectiveness of groundwater management.

In this study, three locations, one at the plateau and two in the central plain portion of the
Upper Awash Basin, were chosen to install data loggers for monitoring groundwater
levels and temperature along the regional groundwater flow direction. It was done by
considering the factors affecting groundwater monitoring site distribution (Figure 1.1b).
Even though the instruments at two of the boreholes in the plainland portion of the Upper
Awash Basin failed, data were still collected by reinstalling the instruments in those two
boreholes. Representative wells, BHE30 from the plateau area, BHE20, and BHE28 from
the portion of the Upper Awash Basin plain, were chosen along groundwater flow paths

that are unaffected by pumping activity within and outside of the study area.

Data loggers (SEBA-Troll 100 & 300) from SEBA-Hydrometrie of Germany
(http.//www.seba.de) were installed to monitor groundwater levels and temperature data
under natural conditions. Borehole BHE28 provided data for 10 months, while BHE30
and BHE20 provided hourly monitored data for 14 months each. The groundwater level

data from these wells were used to estimate recharge rates using the WTF approach.

To determine the recharge, Ah is set to be equal to the difference between the peak of the
rise and the low point of the extrapolated antecedent recession curve at the time of peak.
The WTF method has some limitations, and recharge rates may vary substantially within
the watershed due to the differences in elevation, geology, land surface slope, vegetation,

and other factors. Data from multiple wells should be used to ensure that recharge


http://www.seba.de/

estimates are representative of the catchment as a whole, and the main uncertainties that
affect the recharge estimate are the difficulty in estimating specific yield and the

frequency of water level measurement.

In general, the study area of 4,456 km? has insufficient monitoring, with only five data
loggers installed. Two loggers from part of the Upper Awash Basin were lost and
relocated to three new sites: one on the plateau and two in the central plain PUAB. These
loggers will track groundwater levels and temperature. While the data offers some
insights into seasonal fluctuations, it is not comprehensive enough to represent the entire
area and will guide future monitoring efforts. The application of the WTF method in a
fractured aquifer requires some special attention (Healy & Cook, 2002), and related to the
specific yield of a volcanic aquifer, it varies significantly based on the type of volcanic
rock, its structure, and the extent of fracturing and weathering. According to the
literature, the general range for the specific yield of volcanic rock aquifers is 0.02-0.15
(Freeze and Cherry, 1979; Domenico and Schwartz, 1998; Rivera, 2014). In this
particular study area, analysis of pumping test data was conducted for the aquifer units of
three monitored wells, which feature fractured and highly fractured basaltic aquifers. As a
result, a specific yield value of 0.1 is assigned for slightly fractured basaltic and 0.15 for
highly fractured Basalt and alluvial aquifer wells, and then the recharge rate is computed

using the following expression;

R= Sy(Ah/At)
Where; R-is the recharge rate (mml/y), Sy is the specific yield, and Ah-is the change in

water table height over the time interval,At.
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Figure 4.17 Monitored groundwater level record using data logger at a) BHE30 from the
plateau, b) (BHE20), & C) BHE28 from the central plain part of the Upper Awash Basin

Based on the groundwater level monitoring of wells (BHE30, BHE20, and BHE?28) at the
plateau and central plain portion of the Upper Awash Basin, the recorded groundwater
level obtained from the data loggers (Figures 4.17a, 4.17b, and 4.17c) and the estimated
recharge rates is as follows (Table 4.14).

Table 4.14 Estimated recharge rate of the plateau and plain PUAB

Groundwater Minimum Maximum Change in groundwater | Specific yield |Recharge |Aquifer type
level monitored |groundwater level | groundwater level level flucutation (8v) . mm/vear
wells (hmin), mbgl |(hmax), mb.gl (Ah),m
BHE30 11.12 12.07 0.95 0.1 95 Fractured basalt
Highly fractured basalt
- " y
BHE20 8.07 8.31 0.24 0.15 36 and fine sand
26 20 0.3 0.15 45 Highly fractured basalt

BHE2g8 and coarse sand
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Hence, an average annual recharge value of 95 mm was estimated for the plateau area,
while a mean value of 40.5 mm was estimated from the records for the PUAB. It is 8.5
and 3.6 % of the total mean annual precipitation for the plateau and the central plain,
PUAB, respectively.

4.6.4 Darcian approach

The Darcy method has been used since 1937, with the assumption that groundwater flow
is horizontal in aquifers and vertical in aquitards (Fetter, C.W., 2018; Zhao, M., & Zhang,
L., 2021). The Darcy flux approach states that the volumetric flux through a vertical
cross-section of an aquifer is equated to the recharge rate times the surface area that
contributes to flow through aquitards (Singh, K.P., & Kumar, P., 2020; Bohle, J. K., &
Denver, J.M., 2022). It can be used to compute the flow rate through a cross-sectional
area of the aquifer by summing up flow rates through individual stream tubes.

The groundwater flow rate through a stream tube at a selected cross-section can be
computed by considering the discrete difference in the hydraulic head for two successive
contour lines, the stream tube's width, and the aquifer's thickness. The method's accuracy
relies on both the accuracy of hydraulic conductivity values and their spatial variability
(Nimmo et al., 2005; Morris, J.T., & Bartels, E., 2023). This method assumes that the
hydraulic gradient is uniform between the tensiometers and that all the water that
infiltrates to the depth of the tensiometers becomes recharge or groundwater flux; it does
not consider water that is subsequently lost from the unsaturated zone, such as by
evapotranspiration. Although Darcy’s law was originally derived for flow through porous
media, its application to fractured aquifers is justified in this study through the equivalent
porous medium (EPM) assumption. This approach treats the fractured system as a
continuum with effective hydrogeologic properties, such as hydraulic conductivity (K)
and specific storage (Ss), that represent the bulk behavior of the fractured matrix. The
validity of this assumption is supported by consistent drawdown responses across 34
representative wells and the spatial coherence of transmissivity values derived from
pumping tests. Given the scale of analysis and the density of fractures, the aquifer
behaves as a porous medium, allowing the application of Darcy's principles for recharge



estimation and flow analysis. This methodology aligns with established hydrogeological
practice and is supported by foundational literature (Bear, 1972; Zhang and Schwartz,
1995; Neuman, 2005).

This method has not been widely used in the country due to the complex geological
setting, characterized by an uneven distribution of transmissivities and hydraulic
conductivities, and a lack of sufficient monitoring wells. However, the application of the
method appears to be justified for this study area of aquifers. While there is a reasonable
variation in transmissivity, representing the major aquifers, a reliable average can be
determined from pumping tests carried out for several representative wells (34 in

number).
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Several groundwater levels recorded in wells with a reasonable distribution over the
study area allow the preparation of groundwater level contour maps (Figure 4.18). It is
easy to apply if information on large-scale effective hydraulic conductivity and hydraulic
gradient is available, assuming a steady flow of no water extraction through a cross-
section of an unconfined or confined aquifer. The groundwater level elevation contour
map (Figure 4.18) is used to determine the flow gradient (i) and flow length (L). The term
flow length refers to the distance along the flow path. In the context of Darcy’s approach
to estimating recharge, the relevant dimension is the width perpendicular to the flow,
which defines the cross-sectional area through which the flow occurs. However, the
transmissivity (T) value of an aquifer is computed from the pumping test and recovery

data measured in 34 spatially distributed boreholes.

The recharge estimation formula R=T-i-L-365 is derived from Darcy’s law, adapted for
annual groundwater flux across a defined flow section. This formulation is commonly
used in regional hydrogeological assessments (Fetter, 2001; Domenico & Schwartz,
1998), where: R is the annual recharge rate (m3/year), T is transmissivity (m2/day), i is the
hydraulic gradient(dimensionless), L is the flow width perpendicular to the direction of
groundwater flow (m), and 365 converts daily flux to annual volume. The recharge
volume expression, used to estimate annual lateral inflow through a vertical section, is
derived from Darcy’s Law:

« Darcy’s law gives specific discharge: q=K-i, where K is hydraulic conductivity

e Transmissivity is defined as T=K:b, with b-is being the aquifer thickness.

« Total recharge volume over a year is: Q=q-A-t, where A=b-L and t= 365 days.

o Substituting and simplifying gives: Q=T-I-L-365
The parameter L is measured from the groundwater contour map (Figure 4.18) by
identifying the segment of the flow boundary that intersects equipotential lines at
approximately right angles. This segment represents the effective cross-sectional width
through which groundwater flow occurs. In this study, L was delineated by tracing the
length of the contour-perpendicular boundary across the modeled aquifer zone, ensuring

alignment with the dominant flow direction inferred from the potentiometric surface.



Hence, the recharge rates for unconfined and deep confined aquifer systems were

computed for the area of interest, i.e. portion of the Upper Awash Basin. Furthermore,

representative boreholes for unconfined and confined aquifers along the two flow paths

were carefully selected to estimate transmissivity from pumping-test data and to compute

the annual recharge rate of the existing aquifer system using the groundwater-level
contour map (Tables 4.15 and 4.16).

Table 4.15 Groundwater flux from the northwestern side (Flow path 1, an area of 2308

Km?)

No. |Aquifer Type T, m*/day |i L.m R.m’/day |R, Mm'/Yr mm/year
Unconfined aquifer  system

1 |(Data from BHE64, 78, 644 0.004 | 68,221.0 | 17.579.2 6.4 2.8
124,125, 131)
Deep confined aquifer system

2 |(Data from BHEI1, 3.5, 18,19, 416 0.006 | 68,221.0 | 170.279.6 62.2 26.9
20, and 22)

Total 68.6 29.7

Table 4.16 Groundwater flux from the northern side (Flow path 2, an area of 2018.6

Km?)

No. |Aquifer Type T. 111:.-"day i L.m R. 1113,-‘;193; R. Mm’/Yr |R. mm/year
Unconfined aquifer system

1 92.03 |0.003 | 81.961.0 | 22.628.6 8.3 4.1
(Data: BHE 60.84.86.87)
Deep aquifer system (Data:

b AN / / 3y

2 |BHE28.29.32.36.47.48.50) 819 | 0.006 | 81.961.0 [402.756.4| 147.0 72.8

Total| 1553 76.9

Table 4.17 Summary of estimated recharge rates for each aquifer unit

No. | Aquifer Type R, Mm®/year | R, mm/y

1 Unconfined aquifer system 14.7 6.9

2 Deep aquifer system 282.3 99.8
Total 296.9 106.6




Using Darcian flux computation, the overall recharge rate for a PUAB groundwater flow
system is about 106.6 mm/y or 296.9 Mm?®/year, about 9.6 % of the annual precipitation
(Table 4.17).

The rationale for employing the same groundwater-flow length and direction for both
confined and unconfined aquifers within Darcy's framework for recharge estimation in
interconnected systems, such as parts of the Blue Nile and Upper Awash basins, is

grounded in both conceptual clarity and practical modeling considerations.

Conceptually, interconnected systems demonstrate continuity across aquifer boundaries,
as groundwater flow is influenced by hydraulic gradients and structural features rather
than lithological divides. In the case of the Blue Nile and Upper Awash basins, this is
exemplified by inter-basin groundwater transfer, particularly through NW-SE trending
fault zones and volcanic lineaments. Furthermore, at a regional level, groundwater flow
typically aligns with topographic gradients and structural characteristics. This alignment
supports the idea of a consistent flow direction across different aquifer types. Notably,
recharge zones in the Blue Nile, such as the Mugher and Jema sub-basins, significantly
contribute to the Upper Awash system, accounting for up to 37% of its annual recharge
(Azagegn et al., 2014; Berhanu et al., 2017). To simplify recharge calculations in
complex terrains, adopting uniform flow directions and lengths across aquifer types is
essential, as it does not drastically compromise accuracy and aids in integrating various

recharge estimation methods.

From a technical perspective, both confined and unconfined aquifers respond to regional
hydraulic gradients despite their differing flow mechanisms, pressure-driven versus
gravity-driven. In volcanic areas like this study area, it is reasonable to assume unified
flow patterns since these aquifers often share recharge sources and structural influences.
As mentioned before, a W-E trending impermeable mudstone horst serves as a
groundwater divide but simultaneously facilitates flow from part of the Blue Nile to the
Upper Awash. The orientation of faults and lineament density also plays a critical role in
determining groundwater flow paths, frequently outweighing the confinement status of

the aquifers. Supporting these assertions, isotopic and hydrochemical evidence indicates



that waters with 8'®*0O and 6D depletion, along with high total dissolved solids and
NaHCOs signatures, provide insights into the lateral flow from the Blue Nile to the Upper
Awash. Such signatures are consistent across different aquifer types, further reinforcing
the assumption of a shared flow direction and length.

Strategically, adopting the same flow length and direction facilitates coherence in
modeling across sub-basins, enhances the integration of recharge estimates from various
methods, and aligns with the observed inter-basin flow dynamics and structural geology.
This approach ultimately strengthens the understanding of groundwater interactions

within the interconnected basins.

The dynamics of confined volcanic aquifers exhibit a greater hydraulic gradient
compared to unconfined aquifers, a phenomenon that can be attributed to several
geological, hydrodynamic, and structural factors. In confined systems, such as those
found in the study area, aquifers are encased by low-permeability layers known as
aquitards, which create pressure by trapping water. This pressure is aggravated by
recharge from highland areas, leading to artesian pressures that increase the hydraulic
head. Consequently, the pressure differential results in a steeper hydraulic gradient over
shorter distances compared to the gravity-driven flow characteristic of unconfined

aquifers.

The geological structure of volcanic terrains further contributes to this phenomenon.
Confined aquifers typically exist beneath the impermeable caps of thick massive basalt or
ignimbrite layers, which limit vertical water movement. Faults and fractures serve as
conduits, channeling water both vertically and laterally, thus concentrating gradients
along narrow pathways. Notably, the NW-SE trending faults that intersect the Blue Nile
and Upper Awash basins augment the buildup of hydraulic head in these confined areas.

Moreover, the localization of recharge in regions such as the Muger sub-basin delivers
water to confined layers that struggle to dissipate it due to their low vertical permeability.
This results in concentrated head accumulation, thereby steepening the gradient. The
contrast in lithology also plays a crucial role: confined aquifers composed of high-

hydraulic-conductivity materials like fractured scoriaceous basalts are often overlain by



low-permeability units. This considerable difference in permeability enhances head

disparities over short distances, further steepening the gradient.

According to Darcy’s Law, which defines the flow concerning the hydraulic gradient, the
gradient in confined aquifers tends to be greater due to the pressure buildup. Even with
moderate hydraulic conductivity, the steep gradients can drive substantial flow. In the
context of the left flank of the Blue Nile and Upper Awash system, recharge from the
Blue Nile enters confined aquifers located beneath structural highs, facilitating inter-
basin flow through fault-controlled pathways. In contrast, unconfined aquifers in the
Upper Awash experience gentler gradients, attributed to their open connection with the
water table and atmospheric pressure.

In the context of groundwater flow within interconnected volcanic aquifer systems, the
relationship between transmissivity and hydraulic gradient can appear surprising.
According to Darcy’s Law, groundwater flow is characterized by the equation Q = -T *
(dh/dl), where discharge (Q) is influenced by transmissivity (T) and the hydraulic
gradient. Typically, one might associate higher transmissivity with a lower hydraulic
gradient, given that a more transmissive aquifer can move water more freely. However, in
these complex volcanic terrains, several factors lead to an opposite observation where

greater hydraulic gradients are evident in areas of high transmissivity.

Initially, the recharge-driven gradients in area like Muger sub-basins demonstrate that
intense recharge from fractured highlands generates steep gradients, indicating that the
gradient reflects energy input from recharge rather than merely the resistance of the
aquifer itself. Additionally, inter-basin transfers contribute to this phenomenon; the
Upper Awash receives groundwater from the Blue Nile, where high transmissivity zones
necessitate a driving gradient to maintain inter-basin flow. Structural features such as
faults and lineaments also play a crucial role by channeling groundwater flow and
creating localized high gradients within transmissive zones. These structures can act as
hydraulic ramps, facilitating rapid flow across basin boundaries. In confined aquifer
systems, even with high transmissivity, artesian pressure from upgradient recharge areas

maintains high hydraulic gradients.



Overall, in interconnected aquifer systems, transmissivity can be viewed as the capacity
of the aquifer to move large volumes of water, while the hydraulic gradient serves as the
driving force, ensuring directional flow, especially across divides. Therefore, in the
context of the Blue Nile and Upper Awash basins, the existence of high hydraulic
gradients in zones of high transmissivity is not contradictory but vital for sustaining

regional groundwater fluxes and facilitating effective recharge propagation.

4.6.5 Comparison of results

Comparing recharge rates estimated by different methods is not straightforward, as each
method may have its strengths, limitations, and uncertainties, which require a systematic
approach to ensure a fair and meaningful comparison. It is crucial to carefully analyze
and interpret the recharge rates by considering each method’s underlying principles, data
availability, specific objectives, and conceptualization of the groundwater flow system.
These factors will ensure that the selected method provides meaningful and better

recharge rates for further investigation.

The hydrogeological conceptualization of the area is that aquifers of the study area
receive most of their recharge from the northern, northwestern, and western parts. The
findings of earlier studies (Kebede et al., 2007; Ayenew et al., 2008; WWDSE, 2008;
Yitbarek et al., 2012; Azagegn et al., 2014) using lithohydrostratigraphy, groundwater
hydrochemical, and isotopic evidence also illustrated that the primary sources of recharge
for the unconfined aquifer system (superficial deposit and Rift Basalt units) are modern
precipitation, nearby streams or rivers through fractures, and sub-surface inflow from the
plateau or escarpment. It was also verified that the plateau and transitional escarpment, as
well as the region beyond the plateau, serve as the main recharge areas for the regional
confined scoriaceous basaltic aquifer.

To quantify the reliable recharge rate of the area for further investigation, a comparison
of study results with one another plus with previous studies was carried out. A variety of
recharge estimation techniques, such as Baseflow separation, water balance, groundwater
level fluctuation, and Darcian methods, were applied, considering their applicability in

humid hydrogeological systems and the different input data they utilize.



Previous recharge estimations conducted by various researchers (WWDSE, 2008;
Yitbarek, 2009; Azagegn, 2015; Nuramo, 2016; Berehanu et al., 2017) indicate a
significant variation in recharge rates for different areas within the Upper Awash and
Blue Nile Basins. The recharge rates range from 18.4 to 319 mm/y, and from 90 to 239
mm/y for parts of the Upper Awash and Blue Nile Basins, respectively (Table 4.18).

Table 4.18 Summary of previously estimated recharge rates for similar areas, including

the research area (mm)

Computed annual

No. | Location recharge Methods Reference
mm Mm?®
81.4 362.7 | Baseflow separation
319.5 | 1423.7 | Water balance Nuramo, 2016
Melkakuture Water balance model
1. Watershed 142.0 632.8 | (WATBAL) WWDSE, 2008
82.5 369.2 | HBV rainfall-runoff model | WWDSE,2016
18.4 173.0 | Baseflow separation .
Muger watershed 90.0 44.8 | GWT Fluctuation Yitbarek,2009

131.0 1002.9 | Water balance
Ombole watershed 135.0 1033.6 | Chloride mass balance
103.0 788.6 | Baseflow separation

2 125.0 62.3 | Water balance Azagege, 2015
Muger watershed 148.0 73.7 | Chloride mass balance
158.0 78.7 Baseflow separation
135.0 1033.5 | Chloride mass balance
3 Ombole watershed 91.3 698.6 | Baseflow separation Berhanu, 2017

157.0 1201.9 | 1D-Hydrus
Muger watershed 239.0 119.1 | 1D-Hydrus

The current results also show a wide range in the order of 40.5 to 601.2 mm/y and 56.4 to
328.7 mm/y for a PUAB and PBNB, respectively (Table 4.19).
Table 4.19 Current estimated recharge rates utilizing four different approaches

Computed annual

No. | Areas recharge Methods
mm Mm?3
. 40.5 139.3 Water table fluctuation (WTF)
A portion of the . 106.6 296.9 Darcian computation
1 | Upper Awash Basin -
(4456 Km?) 102.2 455.3 Hydrograph separation
601.2 1597.3 Water balance
A portion of the 95 46.5 Water table fluctuation (WTF)
2 | Blue Nile Basin 328.7 356.6 Water balance

(489 Km?) 56.4 150.8 Hydrograph separation




The range of recharge rates observed in this study aligns with findings from previous
research conducted in the area (Table 4.18). However, differences in recharge rates can
be attributed to the principles behind each technique, variations in data usage, and
inherent uncertainties. To establish a reliable recharge rate for the study area, a
comprehensive analysis and interpretation of the results are necessary, considering the

context, data availability, and the specific objectives of the recharge assessment.

Baseflow, which is the portion of stream flow that is typically attributed to groundwater
discharge, can occasionally be used as an approximation of recharge when underflow,
evapotranspiration, and other groundwater losses from the watershed are assumed to be
negligible. However, some authors (Chen & Lee, 2005; Riser et al., 2005) argue that
Baseflow is not an exact recharge. For this study, this method computed a recharge rate
of 102.2 mm/y or 455.3 MCM/year (9.2 % of the yearly precipitation) for PUAB. To use
this result as a representative of the entire aquifer system for further simulation works,

the regional underlying confined aquifer is a critical drawback of the other three methods.

Although the water balance approach is a useful tool for calculating recharge in the area,
it has considerable drawbacks. It is an indirect estimate, which introduces additional
sources of uncertainty and potential computational errors by accounting for the
differences between the input and output components of the water balance expressions.
Reliable data on evaporation, precipitation, soil properties, and other hydrological factors
might be hard to come by, which can lead to a rough estimation of recharge. Using data
from six and four widely scattered meteorological stations in the area, the final
computation yielded results for a PUAB and PBNB, respectively, 601.2 mm/y and 328.7
mm/y. These higher values represent potential rather than net recharge rate on an annual
basis when compared to the other three methods.

The WTF method is quite simple, as no assumptions are made on the mechanism by
which water reaches the groundwater. The main disadvantages are related to its
applicability to only unconfined aquifers, and difficulties arise in obtaining a specific
yield value for specific aquifer types. Of the four methods used in this study, the WTF

method generally estimated the lower recharge rates for both portions (40.5 mm/y for



PUAB and 95 mm/y for a PBNB), representing gross recharge on an annual basis. It is a
better result mainly for the delineated unconfined aquifer in the central plain PUAB with
an area of 3440 km?. The recharge rate estimated using the Darcian approach is often
considered better than other methods due to its focus on localized measurements and the
specific characteristics of the study area. The choice of method for estimating recharge in
unconfined aquifers often favors the Water Table Fluctuation (WTF) method over
Darcian flow, despite the latter's theoretical strength. The WTF method is preferred due to
its practical application, as unconfined aquifers feature a free water table that responds
directly to recharge events. WTF effectively captures these local fluctuations, making it
suitable for settings where water levels can be directly observed. In contrast, confined
aquifers do not show similar fluctuations due to pressure, limiting the applicability of the
WTF method. While Darcy’s Law is universally applicable, it is more theoretical. For
interconnected aquifer systems in the Upper Awash and Blue Nile Basins, the WTF
method is favored for estimating recharge in shallow unconfined aquifers, while Darcy-
based modeling is used for confined volcanic aquifers due to significant structural
controls and pressure gradients.

The key reasons why Darcy’s method is better than the three are;

e The Darcy method allows for determining recharge rates at specific measurement
points or small areas, providing a more accurate assessment of spatial variations
in recharge.

e It relies on direct measurements of hydraulic conductivity and hydraulic
gradients, which can yield precise and relevant data about how water moves
through the subsurface.

e The method considers the unique characteristics of the study area, such as soil
properties and geological features, leading to more tailored and applicable
recharge estimates.

e Combined with other methods, like the water table fluctuation (WTF) method, it
enhances understanding of groundwater recharge processes, offering a more

comprehensive perspective.



e The Darcy method provides valuable insights into the vertical flux of water
through the unsaturated zone, which is critical for understanding how recharge

occurs through surface water and groundwater interactions.

Overall, these factors contribute to the effectiveness of the Darcian approach in
estimating recharge rates, making it a preferred choice in hydrogeological studies.

Generally, the WTF approach often considers both specific yield and groundwater level
when estimating recharge; it is reasonable to use the recharge rate from such a method for
an unconfined aquifer rather than the other three techniques. An attempt was made to use
the result of the WTF in conjunction with the Darcian technique to provide a more
comprehensive result by considering the available unconfined and confined aquifer

systems.

4.7 Summarized discussion

The overall results of the investigation are discussed in this section using converging
evidence from multiple techniques such as geological, hydrogeological, hydrological
(Baseflow separation), hydrogeochemical, and environmental isotopes (stable isotopes
and #22Rn). The groundwater flow system of the area is conceptualized and underlines the
hydro lithostratigraphy, aquifer-surface water interaction, and aquifer’s recharge area

identification with the valuation of recharge.

4.7.1 Lithohydrostratigraphy

Lineaments predominantly oriented NW-SE influence most of the sedimentary units in
the northern and northwestern regions, as well as the Trap series columnar and weathered
basaltic formations. The younger volcanic rock units overlaying the Trap series Volcanic,
primarily found along the flanks of the MER and YTVL zones, are notably fractured and
jointed, with predominant lineament orientations in the N-S, E-W, and NE-SW
directions. The W-S oriented fault system in the region is depicted as the cause for the
degradation of the regional confined scoriaceous basaltic aquifer. Additionally, the NW-

SE, NE-SW, and N-S directed regional tectonic structures play a critical role in



facilitating the flow of recharged water from the Plateau to the southern groundwater

system.

The geo-structural characterization of the area was undertaken by harmonizing geological
maps of varying scales with ground verification and calibration through existing borehole
lithologic logs. Furthermore, utilizing data from pumping and recovery tests, an attempt
was made to identify aquifer units and their hydraulic properties. Hydrogeological cross-
sections were developed to illustrate the overall lithohydrostratigraphic architecture
effectively.

The lithologic logs were systematically integrated to establish distinct hydrogeologic
units, given the comparable hydrogeological properties observed across the various water
supply wells. This analysis identified four primary hydrogeologic units, each exhibiting
unique characteristics and reaching a depth of 600 meters. These units provide critical
insights into the subsurface geology and hydrology, facilitating a better understanding of
the aquifer systems and their potential for sustainable water supply management.

The hydrogeological setting of the area is characterized by several distinct types of litho-
hydrostratigraphic units. First, there is the superficial deposit aquifer composed of
alluvial and volcanic ash deposits, which include various units such as colluvial
sediments, alluvium, and ashfall. Beneath these layers, one can find the fractured Rift
basaltic aquifer, which includes a series of rock units that incorporate weathered,
vesicular, and fractured basalt. In addition to these productive aquifers, there exists a
layer of impermeable acidic rock units mostly found beneath it, including rhyolite,
ignimbrite, and tuff, which collectively function as a confining unit. This impermeable
layer restricts groundwater movement and creates pressure for the underlying aquifer.
The most significant regional hydrogeologic unit is the Tarmaber vesicular and
scoriaceous basalt, commonly referred to as the scoriaceous basaltic aquifer. This aquifer
is extensively distributed in the plateau, and at greater depths, particularly in the central
plain part and southeastern outlet zones. Due to its stratigraphic relationships and the
underlying geological framework, the scoriaceous basaltic unit plays a crucial role in

facilitating the dynamics of regional groundwater flow, acting as a key conduit for the



regional groundwater movement from the plateau to the model area and further outwards

into the adjacent groundwater system.

4.7.2 Groundwater-surface water interaction

Characterization of the groundwater-surface water interaction zones involved by

integrating the findings from 2?Rn, EC, and BFI, accompanied by the geological

configuration.

The combined results of environmental tracers (?*’Rn, §°H, &80, and EC), BFI, and

lineament density are used to determine the inferred exchange between surface water and

groundwater in the map shown in Figure 4.19. Thus, the primary effluent stretches are.

Headwater portions of both basins, including regions that fall along the surface
water divide between portions of the Blue Nile and Upper Awash basins, which
are distinguished by a) #22Rn: 100 to 200 Bg/m? for rainy seasons and 100 to 465
Bg/m?® for non-rainy seasons. b) EC: Between 140 and 170 pS/cm during wet
seasons and between 352 and 435 uS/cm during non-rainy seasons. ¢) 8°H and
5'80: The isotopic signature of shallow wells, rivers, streams, and springs is
comparable (Figure 4.19). d) BFI. BFI > 0.5, and e) high lineament density zone
(0.96 to 3.0 km/km?).

Southern and southeastern (outlet PUAB) periphery is recognized as the regional
groundwater outlet zone with a) 222Rn: 200 to 477 Bg/m3 and 465 to 1467 Bg/m?®
for rainy and non-rainy seasons, respectively, b) EC: 180 to 270 uS/cm for rainy
and 480 to 677 pS/cm for non-rainy seasons, ¢) BFI: 0.35 < BFI < 0.5 d)
moderate to high lineament density zone (0.41 to 0.96 km/km?).

The rivers and streams in the central plain area of the Upper Awash Basin exhibit
relatively low Baseflow index (BFI < 0.35), low ?22Rn levels (< 100 Bg/m?), and
low electrical conductivity (EC < 142 uS/cm) in both seasons. Additionally, the
low lineament density in the region suggests minimal or no connection between
groundwater and surface water, except for the EGS6, which has a BFI value of
0.58. One possible explanation for the high BFI, given that the station is located

in a plain area, is that its connectivity with the major NE-SW trending fault



system (Yerer-Tulu-Welel Lineament zone) running along this station might feed

the regional groundwater.

During a typical dry period, the main river in the central plain area is almost dry. In
contrast, during the rainy season (from July to the end of September), the region
experiences significant flooding, resulting in prolonged waterlogged conditions. During
fieldwork in the dry season, we observed substantial water flow in the streams at the
escarpment, particularly in the Holeta, Addis-Alem, Wolonkomi, and Ginchi areas.
However, in the central plain section, almost no flow, which shows the water had seeped
into the deeper groundwater system at the foot of the escarpment. Meanwhile, at the
outlet section in Melkakunture, the water flow was significantly higher. It is supported by
the result of 2?Rn measurements, which indicate high values during the typical dry
season at both the escarpment and the outlet. In addition to that, the recorded flows in the
upstream sections show high values during the dry period (Table 4.20). Due to the
absence of data and the challenging, highly dissected topography, it is not feasible to
fully characterize the lower reaches of part of the Blue Nile River and its tributaries.

Table 4.20: Monthly flow rate at different stations (L/s/Km?)

5 Sub-catchment

No. |Station Name 1 2 3 4 5 6 7 8 9 10 11 12
area, km2
1|Holeta R (@ Holeta (EGS3) | 3.18 | 2.69| 2.64 | 3.51|3.14| 4.69| 28.59 50.74 | 26.23 | 8.49 | 5.05 | 4.09 119
2|Berga (@ Adisalem (EGS4) 4.56 | 433 | 4.04 | 414|407 7.72| 41.81 69.23 | 30.00 | 14.65|10.32| 6.55 248
3| Teji @ Ginchi (EGS2) 022|017 023 | 1.18|1.99| 4.06 17.61 2355 | 12.05| 1.74 | 0.46 | 0.27 662.5
4|Awash @ Awash Bello (EGS6] 0.12]| 0.09 | 0.11 | 0.46 | 0.60| 3.05 10.53 15.38 | 12.05| 2.73 | 0.58 | 0.23 2568.8
5|Awash @ MK (EGS7) 0.38 031 0.51 |0.92|1.44| 3.86 19.83 38.85 |21.99 | 2.68 | 0.75 | 0.47 4456

N.B.: Numbers 1 to 12 represent months (January to December)

In general, the plateau's aquifer system is hydraulically connected to the outlet portion
aquifer system for PUAB through the regional geological structures, as evidenced by
records of higher seasonal values of ?2?Rn and EC, and high BFI found in various river or
stream reaches of the area. Furthermore, most isotopic (830, §°H) data from deep water
sources in a plateau, escarpment, and a portion of the Upper Awash show similarly highly
depleted signatures related to Addis Ababa summer rain, indicating that the aquifer
systems have similar origins (plateau and escarpment area) and hydraulic connectivity
due to the presence of regional fault systems that trend north-south and northwest-

southeast, which transfer plateau-type water into the Upper Awash Basin's aquifer



system. In conclusion, the findings from 2??Rn and BFI were enhanced by incorporating
data from geology, EC, and stable isotopes (8*20, 5°H) to provide a more comprehensive

characterization of the zones where groundwater and surface water interact.
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Figure 4.19 Inferred stream segments of the groundwater-surface water interaction zones
of the area

4.7.3 Aquifers recharge area identification and recharge rate estimation

4.7.3.1 Recharge area identified for available aquifers

Figure 4.20 provides an illustrative summary of the recharging zones based on the
combined hydrochemical and stable isotopic signatures of groundwater, in conjunction
with the geostructural distribution. The main recharge zones for the major unconfined and

deep, confined regional aquifer systems are described here.

Unconfined aquifer (depth less than 150 meters; consists of superficial deposit

and Rift basalt) is recharged mainly from modern precipitation and existing
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rivers/streams. Water samples from such aquifer have mixed CaHCOs and
CaMgHCO; water types, low average TDS (<200 mg/l), high Ca?*/Na* ratio (> 5)
ratio, lower Residual Alkalinity (< 2.0), isotopically enriched signal (mean value
for 180 > -2.0 %o and 6*H > -5.0 %o), and high deuterium excess (13.3).

e The acidic rock units (mainly consisting of rhyolite, ignimbrite, and trachyte) are
situated between the unconfined and deep confined aquifers, vary in thickness
based on the influence of faults, and stretch horizontally to the southern portion's

outflow. In general, it is a confining unit acting as an aquiclude/aquifuge.

e Recharge area for the deep regional confined aquifer (artesian scoriaceous basalt)
system with a thickness of more than 350 meters is mainly the headwater parts
(Plateau and transitional escarpment) and beyond it, which is characterized by.
high lineament zone (0.96 to 3.0 km/km?), groundwater samples from deep wells
throughout the study area show highly concentrated NaHCO3z or NaHCO3Cl water
types, high TDS (> 468 mg/l), low Ca?*/Na* (<1) ratio, higher Residual Alkalinity
(> 2.0), depleted isotopic signature (< -3.0 %o for 5'80, < -9.0 %o for 5°H), low d-
excess (nearly 11) related to the LMWL.

As illustrated from different graphical descriptions of the groundwater hydrochemical
and isotopic data, the plateau, including the surface water divide areas, has relatively
dilute hydrochemistry associated with moderate to high fracture zones, categorized as a
recharge area for the surrounding aquifer, which progressively evolved to the mineralized
hydrochemical composition with groundwater flow routes into its outlet. Additionally,
plateau and/or transitional escarpment areas of having high lineament distribution are
recognized as a recharge zone primarily for the regional fractured confined scoriaceous
basalt aquifer. High RA, high TDS, and NaHCO3 water types from the plateau and
USPAB deep wells signify the groundwater outflow from the eastern flank of the Blue
Nile Basin to the nearby Basin. The hydrochemical data of shallow boreholes and low-
yield cold springs distributed throughout the area show very low RA (RA < 1.0) and
isotopically enriched waters, which indicates that shallow groundwater systems receive

direct recharging from meteoric water.



Plateau and Escarpment Zones

It is a high lineament density distribution zone with basalt and / or
scoriaceous basaltic aquifer system. The shallow groundwater chemistry
result reveals high Ca’ /Na' ratio. Low RA, low TDS (< 200 mg/l),
mainly Ca-HCO, / Ca-Mg-HCO, water type, relatively enriched
isotopic (8D and 5'°0) signal, and high mean deuterium excess (d
excess ~13.3) related to the LMWL. While, the deep groundwater
shows relatively high Ca’/Na” ratio, high RA, a bit higher TDS (300
mg/T), Na-HCO; water type, highly depleted isotopic (D and §'°0)
signal, and low mean deuterium excess (d excess ~11). Hence this zone
is the recharge area for both shallow and deep aquifers.

Central plain part of the Upper Awash Basin zone
Characterized by a lineament density distribution of low
in central and moderate to high in peripheries. The
aquifer systems are categorized in to shallow (high
Ca**/Na® ratio, low RA, mainly Ca-HCO: water type),

iate (a very low mean TDS:165 mg/1, mixed Ca-
Na-HCO: andior Na-Ca-HCO; water types), and deep
aquifer (low Ca*/Na~ ratio, high RA, high TDS:465
mg/1, Na-HCO: water type, highly depleted isotopic (5D
and 5150) signal, and mean deuterium excess of nearly
11). The results illustrate that the shallow aquifer is
recharged directly from modem meteoric water, the
intermediate aquifer (Fractured acidic volcanic and
partly rift basalt) recharged from the transitional
escarpment zone as a fast selective recharge through
various trending faults and lineaments. Similar
hydrochemical and isotopic signature of water samples
from artesian deep wells in the central part of Upper
Awash Basin and plateau or escarpment zones also
exemplify the plateau or escarpment zones are the main
recharge areas for confined regional aquifer (Scoriaceous
‘basalt) system for parts of Upper Awash Basin.
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Figure 4.20 Study area Schematic hydro geochemical evolution conceptual model of the
groundwater flow system (not to scale)

4.7.3.2 Groundwater recharge rate

Recharge for PUAB is computed using the principle of groundwater budget, which is
defined as the total volume of water entering and exiting an aquifer. In a balanced
groundwater system, particularly before development, the amount of water replenishing
the system equals the amount being discharged over time. The water storage capacity
either remains constant or fluctuates around an average level due to annual or longer-term
variations (Fetter, 2001; Healy & Sophocleous, 2004; Wetzel & Newell, 2006; Duncan,
2017).

The recharge for PUAB is calculated using the groundwater budget principle; the water
replenishing the system is equal to the water being discharged over time. In general, the
groundwater that flows into the central plain of the Upper Awash Basin (the area we are
focusing on: Model area boundary) comes from the northwest and northern plateau, and
this is called subsurface inflow. This water eventually moves southeast to exit the system
(Figure 4.7). The groundwater that reaches the southeastern outlet zone comes from

seepage due to runoff and direct rainfall on the fractured basaltic and surface deposits,
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along with subsurface inflow from the northern, northwest, and southwestern parts of the

plateau and escarpment.

The groundwater flow (recharge) for both unconfined and confined aquifers is 106.6 mm
per year. This figure comes from Darcy's method, used in a section of the Upper Awash
Basin (Table 4.18). The value includes water from runoff, direct rainfall on the
unconfined aquifer, and water flowing into both aquifers from sub-surface inflow. After
determining the total recharge amount of 106.6 mm per year, it is difficult to figure out

how much is for the unconfined aquifer and how much is for the confined aquifer.

An attempt was made to classify the groundwater recharge based on the area of interest
(referred to as the Model area) and the extent of the flux or subsurface inflow zone
located on the escarpment and plateau. The recharge was estimated using the Water Table
Fluctuation (WTF) method (Section 4.6.4), which is best suited for unconfined aquifer.
For the central plain land area to be modeled, this method yielded a recharge estimate of
40.5 mm/year, factoring in seepage recharge from runoff and direct precipitation, based

on an area coverage of 3,440 kmz,

Additionally, the value computed using Darcy’s method, which also incorporates
subsurface inflow to the unconfined aquifer, amounted to 6.9 mm/year (Table 4.18).
Therefore, the total recharge rate for the unconfined aquifer is 47.4 mm/year, consisting
of 40.5 mm/year from the WTF method and 6.9 mm/year from subsurface inflow.

The remaining amount of groundwater recharge calculated is 59.23 mm/year, which
accounts for the subsurface regional groundwater inflow from the plateau and/or
escarpment to the confined aquifer system. Numerical groundwater modeling will further
verify and validate the conceptual and analytical groundwater budget computed for the
PUAB aquifer system (Table 4.21).



Table 4. 20 Computed mean annual groundwater budget for PUAB

No.

Groundwater Inflow Components to the
central plain part of the Upper Awash
Basin

Inflow

Outflow

mm/year

1113.-"day

MCM/yr

Mm/yr

1113.-"clay

MCM/year

Recharge from runoff seepage (at the foot
of the escarpment, and through stream
channels) and direct precipitation on the
alluvial plain) computed using WTF

method (Area: 3440 km?)

40.5

381.698.73

139.3

[ 3]

Recharge from draining the northwestern
and northern plateau & Escarpment as a
regional subsurface inflow for unconfined

aquifer system (Area: 2552 km?)

6.9

48,243.28

17.6

Recharge from draining the northwestern
and northern plateau & Escarpment as a
regional subsurface inflow for confined

aquifer system (Area: 2552 km:)

59.23

414,123.13

151.2

Total budget for central plain part of the Upper
Awash Basin groundwater system estimated by

Darcy’s method.

106.6

844.,065.14

308.1

106.6

844,065.14

308.1

Point recharge rates estimated using the WTF method from this study (3 boreholes) and

previous works (3 boreholes) within and surrounding the area were used as input for the

kriging interpolation technique in the ArcGIS tool to create the area's spatially distributed

recharge rate for the unconfined aquifer. Based on the areal distribution map (Figure

4.21), the amount of groundwater recharge varies among locations, which ranges from 30

to 55 mm/y for the central plain land portion, 55 to 75 mm/y for the Rift marginal areas

(escarpments), southwestern, northwestern and 45 to 55 mm/y for the outlet part of the

area. The high fracture zone (high lineament density) of several major faults trending W-

E, NW-SE, and N-S creates highly porous rock units with higher recharge on the

northern, northwestern, and western sides.
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Figure 4.21 Spatially distributed recharge rate for unconfined aquifer (PUAB)

4.8 Hydrogeological conceptual model of the area

A conceptual model of a groundwater system is a crucial tool, offering qualitative
knowledge that serves as the foundation for further quantitative assessment. It is an
evolving representation that should be improved as new information becomes available
and knowledge of the system grows. Diagrams, cross-sections, and maps are used to
visually portray the key elements and functions of the groundwater system (Woessner
and Poeter, 2020). To bridge the gap between the groundwater system and the real-world
system, a well-constructed and simplified conceptual model is a decisive component of
the groundwater modeling process.

Conceptual hydrogeological models help to simplify the understanding of main
groundwater components, such as the recharge, flow mechanism, aquifer system, and
other geological elements influencing groundwater movement, in such complicated
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hydrogeological settings. The model includes and reflects the hydrostratigraphy,
geological and hydrogeological properties, aquifer hydraulic parameters, boundary

conditions, and recharge sources.

The model area, delineated as part of the Upper Awash Basin (Figure 4.22), is found
totally in the Western Rift margin, which is bordered to the north and west by the
northwestern plateau and escarpment, and to the south by notable volcanic centers that
border the upper Gibe basin. It has a relief of 426 meters and an altitude in the range of
2056 to 2483 meters above sea level and is known as a vast plain surrounded by an
escarpment, and often has a semi-circular geometry. The drainage system of the area
belongs to the upper Awash basin, which originates from the escarpment associated with
the northwestern plateau, with a wide development of streams, gullies, and rills that
converge in the central part of the model area towards the main Awash channel.
Geomorphologically, it constitutes mainly the northern and northwestern escarpment,
mountain peaks along the Watershed, and the Western and Southwestern elevated
marginal edge of the Dendi and Wonchi caldera.

Both Quaternary superficial deposits and Cenozoic volcanics cover the area, with the
latter being a bi-modal volcanic rock, which originates from both fissural and central
volcanic eruptions. The dominant geological units found in the model area include pre-
Rift (basalt of Amba-Aiba & Tarmaber), syn-Rift (basalt, scoria, ignimbrite, tuff, and
ash), and post-Rift (trachyte and rhyolite) with a thin layer of superficial deposits

(alluvium and ash).

Most of the geological structures (normal faults, fractures, and joints) trending mainly W-
E, NW-SE, N-S, and NE-SW resulted from the evolution of the MER and the older Yerer
Tulu Volcanic Lineament (YTVL) zone. The highly faulted and fractured northern and
northwestern margins, which are mountainous volcanic rocks, have an area of about 2552
km? (42.6%), and the central plain portion of the Upper Awash Basin is about 3440 km?
(57.4%).
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Figure 4.22 Hydrogeological maps of the area, including the anticipated model area

The lithological stratigraphy and tectonics of the plateau and western margin of the MER
govern the general hydrogeological setup of the area. Hence, the general bedding of the
sedimentary formation underlying the volcanic unit in the northwestern part, the tectonic
condition, and the hydraulic properties of the various volcanic units that outcrop in the
area highly control the overall groundwater system (recharge mechanism, groundwater

flow, and aquifer parameters) of the area.

Analysis and investigation of information from geology, geophysics, and hydrogeology,
incorporated with evidence from groundwater geochemistry, isotopes, and different depth
boreholes, have revealed the general aquifer configuration, properties, recharge, and
discharge mechanisms of the area. Accordingly, the hydrogeological cross-sections
(Figures 4.23a-d) were built along a northwest to southeast (Line BB’, CC’, DD’) and
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across nearly west to east (Line AA’) the groundwater flow direction to understand the

general configuration of the groundwater flow system.
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Figure 4.23 Hydrogeological Cross-sections across(a) and along (b), c¢), d)) the
groundwater flow directions

Litho-stratigraphy of the area was identified using knowledge from geological mapping,
lithology logs of existing boreholes, and geophysical vertical electrical sounding (VES)
results. Major aquifers and confining (aquiclude) units were revealed after pumping and
recovery test data analysis for aquifer characterization. Hence, four principal
hydrogeological units are recognized for parts of the Upper Awash groundwater system.
These are; Superficial (mainly alluvial and ash) aquifers, fractured Rift basalt aquifers,
acidic (Tuff, Ignimbrite, and rhyolite) acting as a confining aquiclude, and fractured

regional confined scoriaceous basalt aquifer.

The area's geological, hydrochemical, and isotopic evidence illustrates that the water
source for the unconfined aquifer (superficial deposits and Rift basalts) is from meteoric
water and nearby streams/rivers through fractures. Furthermore, the integrated results
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from deep sourced water from a portion of the Upper Awash Basin and plateau or
escarpment show similar character indicating that the aquifer systems have similar
origins (plateau and escarpment area) and hydraulic connectivity due to the presence of
regional fault systems that trend north-south and northwest-southeast, which transfer

plateau-type water into the Upper Awash Basin's aquifer system.

Nearly similar groundwater flow directions from the northern, northwestern, and
southwest parts of the area towards the southeast (outlet) portion are depicted from the
generated groundwater level contour map for unconfined and a piezometric level contour
for the regional confined aquifers. It is also shown that the area has a gentle, wider, and
extremely shallow hydraulic gradient in the central and outlet sections and a steep one in
the northwestern and northern portions even though the regional topographic gradient,
local barriers, lithology, and geologic structures regulate the direction of the groundwater
flow system. In general, the groundwater flow within the area is dominantly from
northwest and north to the southeast and minor from the southwest through the central
plain part of the area and outflows locally into Awash River in the southeastern parts. The
main recharge mechanisms are sub-surface inflow from the plateau and escarpment
basaltic and scoriaceous basaltic volcanic rocks along the regional faults (NW-SE, N-S,
W-E, and N-S trending), infiltration of runoff and rainfall in the plain.

Regarding the interaction between the groundwater and surface water, the geological
information and the combined results (?°Rn, EC, and BFI) show that the primary
discharge zone of the area is the southeastern downstream portion of the main Awash
River. The local groundwater discharge zones in the upstream areas of the two adjacent
sub-basins, including sections along the surface water divide, are primarily caused by
highly faulted volcanic rock units. In contrast, the central plain area of the Upper Awash
Basin, due to the presence of impervious superficial layers such as alluvial deposits, tuff,
and ash, shows a relatively weak connection between the groundwater and surface water
systems.

MODFLOW plays a significant role in testing the conceptual model of a given area by
serving as a powerful numerical tool for simulating groundwater flow under specific

hydrogeological conditions. Once the conceptual framework, comprising aquifer



geometry, recharge zones, and boundary conditions, is translated into a MODFLOW grid,
the model can evaluate whether the assumed flow paths, hydraulic properties, and
recharge mechanisms produce results that correspond with observed data. By calibrating
the model against measured parameter values, MODFLOW helps identify discrepancies
within the conceptual model. Additionally, sensitivity analysis and scenario testing allow
for the refinement of key parameters, ensuring that the model accurately represents
current conditions and can predict system behavior under future stressors, such as

drought or increased extraction.



5. GROUNDWATER FLOW MODELING

5.1 Overview and Goal

Over the past thirty years, groundwater modeling has evolved from a specialized and
limited tool to a sophisticated and widely applied method for managing groundwater
resources by solving the partial differential equations that characterize groundwater flow
systems (Anderson & Woessner, 1992; Mandle, 2002). Groundwater modeling is one of
the management tools for understanding complex groundwater systems and helping
decision-makers manage water resources by studying the effects of pumping on
groundwater levels, spring flows, groundwater flow direction, and the effects of climate
change on groundwater resources (Franke & Reilly,1987; Harbaugh & McDonald, 1996).
Stress-based simulations also play a crucial role in tackling time-dependent challenges in
hydrogeology. They are particularly important for understanding the dynamics of
groundwater-level fluctuations and the multifaceted impacts of climate change. By
providing insights into these critical issues, stress-based scenario simulations serve as an
indispensable tool for sustainable water resource management. They enable effective
long-term planning, helping stakeholders navigate the complexities of climate change and
the growing demands on our water supplies. This approach not only assists in preserving
precious water resources but also supports strategic decision-making that is essential for
future resilience against environmental changes. The concept of stress-based scenario
simulations in groundwater modeling (Lubczynski & Gurwin, 2005) provides a practical
approach under certain conditions. This method can be highly effective for addressing
various groundwater management issues, especially in heavily stressed aquifers where

human activities have a significant impact.

To effectively utilize groundwater models, one must have a solid understanding of
hydrogeological principles, perform careful data analysis, and communicate results and
their implications. A well-calibrated model based on high-quality data and a solid
understanding of hydrogeology provides the best foundation for reliable predictions of

future groundwater conditions and responses to management actions.

Numerical models of groundwater flow are valuable techniques in hydrogeological

studies across various countries. Unfortunately, this method is rarely used in Ethiopia due



to limited relevant hydrogeological information. Recently, groundwater simulations have
been conducted to study groundwater dynamics in the Upper Awash Basin (Yitbarek et
al., 2012; Azagegn et al., 2014). These simulations also focus on groundwater resource
evaluation in the Ada’a plain and Raya Valley (WWDSE, 2009; WWDSE, 2010), as well
as in the Akaki catchment area (AAWSA, 2000; Ayenew et al., 2008). Because of the
significant groundwater potential and the inherent variability of volcanic aquifers found
in the area, specifically within the Upper Awash basin, an effort was made to develop a

hydrogeological model that is tailored to the unique characteristics of the area.

In this study, a scientifically grounded groundwater flow model was developed using
Visual MODFLOW Flex, incorporating a three-layer system: an unconfined aquifer, a
confining unit, and a confined aquifer. This conceptual framework of the present study
area is supported by regional geological understanding and local geology, correlated with
the lithological logs of existing water supply wells. Specifically, acidic volcanic rocks,
including tuff, ignimbrite, trachyte, and rhyolite, commonly act as confining layers,

separating shallow unconfined zones from deeper confined aquifers.

Visual MODFLOW Flex enables precise definition of layer-specific properties, including
hydraulic conductivity, storage parameters, and boundary conditions. In this model, the
confining unit is represented as an impermeable layer, simplifying its role while
effectively simulating its function in restricting vertical flow and creating artesian
conditions. This representation is justified by field evidence that most deep-water supply
wells drilled into the confined aquifer exhibit artesian behavior, confirming the presence
of significant vertical hydraulic separation. By adopting this layered structure, the model
supports realistic simulation of groundwater dynamics, interlayer interactions, and
management scenarios, providing a robust foundation for predictive analysis and

sustainable resource planning.

This model seeks to accurately represent the complex interactions and dynamics of
subsurface water systems, highlighting the various geological features and hydrological
processes that impact groundwater availability and movement within this volcanic

landscape. To evaluate its potential and usability, simulations were first conducted under



steady-state conditions, followed by a stress-based scenario analysis for resource

management.

The original objective was to develop a fully stress-based scenario groundwater flow

model to simulate aquifer dynamics over time. However, due to limitations in the

availability of continuous time-series groundwater level monitoring data, a revised

approach was adopted. This involved first calibrating a steady-state model and

subsequently conducting simulations under different scenarios to evaluate aquifer

responses under various stress conditions. To address this, a methodologically sound

alternative was implemented:

Develop a well-calibrated steady-state model to establish a reliable baseline.
Use synthetic or estimated time-series inputs to simulate different scenarios.
Evaluate system behavior under stress conditions such as drought, increased

pumping, and artificial recharge for 30 years

The adopted methodology is scientifically justified for the following reasons:

Avoids unreliable calibration from sparse time-series data

Ensures hydraulic parameters are well-constrained before introducing temporal
variability

Enables exploration of multiple future conditions without requiring complete
historical datasets

Provides actionable insights for groundwater management under uncertainty

This approach is consistent with practices in regions facing similar data limitations:

Applied in semi-arid and fractured aquifer systems (Gossel et al., 2007; Rosi and
Gattinoni, 2013).

Successfully implemented in East Africa and South Asia (Tadesse and
Alemayehu, 2023; World Bank, 2021).

Used to inform groundwater policy and infrastructure development

The groundwater flow model developed in this study, which uses a finer grid size, can

serve as a valuable management tool and a reference for future simulation studies in

nearby wellfields aimed at the sustainable use of groundwater resources.



5.2 Theories

Groundwater modeling is a complex area of study that requires a solid understanding of
hydrogeology, mathematics, and computational methods. A well-developed groundwater
model can serve as a valuable tool for decision-making in water resource management
and environmental protection. Groundwater models are inherently uncertain due to the
hidden nature of subsurface systems. Most uncertainties arise from limited direct
observations, geological complexity, point-based measurements, temporal variability,
measurement errors, and parameter estimations (Beven, 2001). Furthermore, the dynamic
character of groundwater systems emphasizes the necessity of constant monitoring, study,
and flexible management strategies. While this dynamism adds complexity, it also makes
the field of hydrogeology attractive and crucial for sustainable water resource
management. Despite these limitations, it's important to recognize that understanding of

subsurface systems has improved significantly over the past decades.

Groundwater models can be used to predict future conditions and to understand complex
subsurface processes. The decision to use predictive or generic modeling approaches
depends on the specific objectives of the study, the available data, and the understanding
of the system being investigated (Anderson & Woessner, 1992). Integrating both
approaches often leads to a thorough understanding and effective management of

groundwater resources.

Modeling begins with creating a conceptual framework of the hydrogeologic system,
followed by applying Darcy’s law to address specific challenges. Furthermore, a
numerical simulation is conducted to analyze various scenarios to enhance our ability to
manage the groundwater resource. Mathematical relationships that describe groundwater
flow are essential for developing quantitative models of groundwater systems. By
combining Darcy’s law with the continuity equation, which represents mass conservation
(mass inflow equals mass outflow plus changes in storage), we can create universal
equations to characterize groundwater flow under different conditions. Groundwater flow
equations are often called governing equations because they describe the factors that

control groundwater flow. These equations are based on Darcy’s law and the continuity



equation, which ensures the conservation of mass in water. Under steady-state flow
conditions, the mass of water in a system remains constant; in other words, inflow equals
outflow, and the hydraulic heads, gradients, and flow rates do not change over time.
Whereas, when the flow is stress-based scenario , the mass of water varies with time,
inflow doesn’t equal outflow, and heads, gradients, and flow rates vary with time

(Woessner & Poeter, 2020).

The law of conservation of mass for flow through a saturated porous medium requires
that the flux of fluid mass into the system equals the flux of fluid mass out of the volume
plus the change in mass stored within the volume (McDonald & Harbaugh, 1988;
Anderson & Woessner, 1992). Darcy’s law is represented by the specific discharge (q)
and the mass flux is represented by pq (i.e., mass flux = qq), where Mass flux-mass of
water passing through a unit area per unit time (kg/m?3P), p-density of water (kg/m?), and

g-specific discharge (m/day).

In most cases, the mass flux will not be one-dimensional along the x-direction. Instead, it
will occur in an arbitrary direction, with components in the X, y, and z directions.

Therefore, it is essential to account for the change in mass flux across the system in all

three dimensions.
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Figure 5.1 Schematic representation for confined aquifer condition showing three-
dimensional mass influx and outflux (pgx) and addition or loss of mass flux in the
outflow (+3/0x(pqx) AX) (Woessner & Poeter, 2020)
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Darcy's Law governs groundwater flow modeling by describing how groundwater moves
through porous media. This fundamental principle in hydrogeology is essential for
understanding and modeling groundwater flow (Anderson & Woessner, 2015). Mass flux
into the system is determined by the product of specific discharge and fluid density.
When the head decreases, water is released from the porous medium, increasing mass
flux, as shown in Figure 5.1. Note that flux is measured in velocity units (m/day) since it

represents flow rate (m3/day) divided by flow area (m2).

The fluxes in and out of the system and the change in storage are the fundamental
groundwater balance to determine the governing equations. i.e., the difference between
mass flux in and mass flux out equals the change in storage.
Mass flux in = pgx (For one dimension) 1)
Mass flux out = pgx + A(pgx/Ax)Ax (For one dimension) (2
The mass flow rate is obtained by multiplying the fluxes by the cross-sectional area of the
system that they pass through (for three-dimensional flow in the x-direction, the area is
AyAz) as shown below.
Mass flow in x-direction=gxpAx= gxpdyd;
Mass flow in y-direction=qypAy= qypdxd;
Mass flow in z-direction=g:pA,= q-pdxdy

The respective total mass inflow and outflow in the X, y, and z direction in and/or from
the system is presented by: gXpAyAz + QypAXAZ + g;pAXAyY 3)
(CIXP + 8Qx/8x(pdx) dydz) + (Qyp + 6Qy/5y(pdy) dxdz) + (qZp + qu/SZ(pdz) dxdy) (4)

The change of storage can be expressed as -6Vw/dt, where the negative sign indicates that
outflow is greater than inflow, which is represented by specific storage (Ss). It is defined
as the amount of water released from the storage (aquifer) divided by the unit total
volume of the aquifer per unit change in head, as shown below.

Ss= 5Vul/V; (-5h)
Where, Vi-is the total volume (dxdyd;) in m®; -5h negative means the water release from

the storage. Thus, the rate of change in storage is presented as



3Vw/dt = -Ss(8h/6t) dxdyd; (5)
Thus, substitute expressions (2), (3), and (5) accordingly into the mass balance equation
(i.e. total mass inflow minus mass outflow equals the change in storage) by assuming the
density is constant and adding the volumetric flux (N), which describes the source/sink of
water and after mathematical simplification, the equation becomes;
(8gx/8x + 8qy/Sy + 892/5;) dxdyd, + Ndxdyd, = -Ss(8h/5t) dxdyd, (6)
By removing (dxdyd;) from both sides of expression (6), the new expression becomes
(80x/8x + dqy/dy + 8Qz/5;) + N = -Ss(8h/6t) (7)
Again, by utilizing Darcy’s law, the Darcy flux in the X, y, and z directions is shown as
i.e.  Ox=-kxdh/dx, qy= -kyoh/dy, q.= -k.6h/dz (8)
Therefore, after substituting expression (8) into (7), a three-dimensional, confined, stress-
based scenario , anisotropic, and heterogeneous condition of the groundwater flow
process (Bear, 1979; McDonald & Harbaugh, 1988; Woessner & Poeter, 2020) is
presented as;
0/0x (Kx 6h/dx) + 0/0y (Ky éh/dy) + 0/0. (Kz dh/dz) + W = -Ss dh/ot 9)
and the groundwater flow equation at steady state conditions with heterogeneous and
anisotropic conditions is presented as
0/0x (Kx 0h/0x) + 0/0y (Ky oh/dy) + 0/0: (Kzoh/dz) + W =0 (10)
Where; Ky, Ky, and K; are the values of hydraulic conductivity along the x, y and z
directions (m/day), h- is the potentiometric head (m), W- is a volumetric flux per unit
volume representing sources and/or sinks of water, where negative values are extractions,
and positive values are injections (1/day), Ss- is the specific storage of the porous

material (1/m), and t- is time (day).

In an unconfined aquifer system, the flow equations are nonlinear because the
transmissivity of the aquifer is dependent on the saturated thickness, which varies in the
direction of flow due to the sloping water table. In such a system, the water table slopes,
causing the flow to be parallel to it, and the saturated thickness decreases in the direction
of flow. If the slope of the water table is small, Darcy's Law can be utilized to formulate

governing equations by applying the approximate gradient (—dk/dx) instead of the true



gradient (—dh/dL), under the assumption that flow is horizontal, meaning there are no

vertical flow components.

By expressing the flow area as the product of the water table's height and the system's
unit width in the y-direction, the flow is represented in equation (11).

g=- (Kdh/dx) hAy (12)
When the bottom of the unconfined aquifer is used as the reference point, the hydraulic
head defines the saturated thickness. To incorporate this relationship into the flow
equation, equation 9 is modified such that the aquifer thickness, b, is replaced with 7,
with the varying value of % included within the derivative. Additionally, to accurately

depict unconfined flow, the specific yield (Sy) is employed as the aquifer's storativity.

Therefore, the conditions of unconfined, three-dimensional, stress-based scenario ,
anisotropic, and heterogeneous groundwater flow are represented by.
0/0x Kx (h dh/dx) + 0/dy Ky (h dh/dy) + 0/0z Kz (h dh/dz) + W = Sy dh/ot (12)

In groundwater modeling, simulations typically involve solving such partial differential
equations through numerical methods such as the Finite Difference Method (FDM) or the
Finite Element Method (FEM) (Anderson & Woessner, 1992; Fetter C.W., 2001). A
widely used groundwater modeling program, known as MODFLOW, utilizes a finite-
difference approach by partitioning the model domain into regular rectangular grids,
referred to as blocks or cells. Measurements such as head, drawdown, and concentration
are calculated at the nodes within these grids. In contrast, the program FEEFLOW
employs a finite element model (FEM) that uses interpolation at the points where

irregular polygons, typically in the form of triangles or tetrahedral, intersect.

Accordingly, the study area is discretized into finite difference regular block-centered
rectangular grids for numerical simulation, which is conducted using Visual MODFLOW
Flex (Waterloo Hydrogeologic Inc., 2011; www.waterloohydrogeologic.com).

Visual MODFLOW Flex is a powerful and user-friendly advanced software package for
groundwater modeling, and it is widely utilized in both industry and academia. It offers

extensive features that build upon the previous MODFLOW packages, including.



e Integrates pre-processing, simulation, and post-processing within a single
interface

e Compatible with various MODFLOW versions and associated programs

e Facilitates the creation of conceptual models before numerical model
development

e Enables the import of GIS data for conceptual model construction

e Supports both structured grids and unstructured grids

e Features automated parameter estimation through PEST integration

e Offers 3D and 3D visualization of model inputs and results

e Includes animation capabilities for stress-based scenario simulations

e Allows for the creation and comparison of multiple stress-based scenario
model scenarios

e Supports a variety of file formats for data import

e Capable of exporting to common GIS and database formats.

Visual MODFLOW Flex was chosen for this study due to its user-friendly interface and
strong visualization capabilities. It effectively simulates unconfined, leaky, and confined
aquifer systems. A three-dimensional groundwater flow model was developed for steady
and stress-based scenario conditions for three layers: unconfined, aquiclude, and
confined, by setting boundary and initial conditions and calibrating each layer based on

the conceptual hydrogeological model discussed earlier (Section 4.8).

5.3 Steady-State Numerical Model
5.3.1 Structure of the model

In this study, the characterization of layers (aquifer layers and confining unit) was based
not only on their average thickness but also on their hydraulic properties, derived from a
comprehensive evaluation of subsurface data. Specifically, lithological logs from 60
water supply wells and pumping and recovery test results from 34 wells were analyzed to
define the hydraulic behavior of each layer (Sections 3.1.1 and 3.1.5). Further, the
specific characteristics of each layer were discussed in detail using available field data

and summarized under the results and discussion section (Table 4.8), which provides a



consolidated view of the aquifer system’s vertical structure and hydraulic heterogeneity,
supporting the assignment of realistic parameters in the groundwater flow model. The
regional confined scoriaceous basalt aquifer is not fully penetrated by the 654-meter and
550-meter deep boreholes located at the escarpment and in the central plain part of the
Upper Awash Basin, respectively. Accordingly, the thickness of the confined aquifer
beneath the confining layer is considered to be 350 meters (Table 5.1).

In general, the three-dimensional structure of the study area's aquifers includes an
unconfined aquifer (comprised of superficial deposits and rift basalt), an aquiclude
(consisting of rhyolite, ignimbrite, and trachyte), and a confined aquifer (highly fractured
regional scoriaceous basalt). This model is constructed with three layers that are
primarily recharged through direct infiltration of precipitation, seepage from river or
stream channels, and subsurface regional inflow from the northern and northwestern
sections.

Table 5.1 Model layers with their characteristics

Model . . . Estimated average
Layer Geologic unit Aquifer type thickness, m

Superficial deposits (silty clay, sand, boulder, and pumice)

1 and the fractured Rift basaltic unit

Unconfined 150

Acidic volcanic unit (Lumping of different lithologic units Confining unit

2 such as pyroclastic deposits, tuff, ignimbrite, trachyte, and (Impermeable) 100
rhyolite with thin intercalation of paleosol or sticky clay. P
3 The scoriaceous basaltic unit resulted from scoriaceous lava C°“f”?3d 350
(Artesian)

The study area covers 5,992 square kilometers (km?), including the elevated ridges like
plateaus and escarpments surrounding the model area. The model domain itself is about
3,440 km2 and measures about 43 km in width and 78 km in length. It uses a grid with a
spacing of 500m *500m, consisting of 221 rows and 172 columns. This creates a total of
113,825 active cells or nodes in each of the two aquifer layers of the model, while outside
this area, there are 91,705 inactive cells.

Ministry of Water and Energy (MOWE), together with the Ministry of Irrigation and
Lowlands (MOIL), has planned to use groundwater as a source for irrigation
development in the area beginning in 2026, which puts stress on the groundwater of the



area. For this reason, A steady-state simulation was created to represent average aquifer
conditions (data used to calibrate or represent average aquifer conditions) in 2025. The
steady-state groundwater model is used to analyze the water budget, hydraulic properties,
boundary conditions, and model calibration. The results of the calibrated steady-state
model are used as the foundation for stress-based simulations and sensitivity analysis. To
examine the model's ability to replicate aquifer responses over 30 years (January 1, 2026,
to December 31, 2055), the model's framework is applied to a sensitivity analysis and a

pumping scenario utilizing monthly time steps.

5.3.2 Boundary conditions

Boundary conditions play a pivotal role in groundwater flow modeling by clearly
defining how the modeled area interacts with its surrounding environment. These
conditions can be categorized into physical and hydraulic boundaries, each serving to
shape the behavior of groundwater as it flows through various geological formations.
Accurate designation of these boundary conditions is indispensable for effectively
capturing the dynamics of the groundwater system and its reactions to external stresses

over time (Anderson & Woessner, 2015).

To appropriately define these boundaries, a comprehensive understanding of the
hydrogeological system, the available data, and the specific objectives of the modeling
effort is essential. As the modeling process unfolds, it is crucial to continually refine and
adjust the boundary conditions based on ongoing insights gained during model
development and calibration. Another key aspect to consider is temporal discretization,
which involves structuring time-varying boundary conditions to reflect changes
accurately over the designated simulation period. In stress-based scenario modeling
scenarios, the overall timeframe is segmented into distinct stress periods and smaller time

steps, allowing for a more detailed analysis of groundwater flow dynamics.

In groundwater numerical models, three primary boundary conditions are employed to
delineate how groundwater enters and exits the model domain (McDonald & Harbaugh,
1988; Anderson & Woessner, 1992; Woessner & Poeter, 2020). Each type plays a



specific role in ensuring that the model accurately represents real-world conditions and

variability, thereby enhancing the reliability of the model's predictions.

The first type of boundary condition is the specified head boundary, also known as
Dirichlet conditions. This type of boundary can be applied to scenarios where the water
level remains constant throughout the simulation or when specific water levels are
known. It is often used for areas where geological layers outcrop or at model edges
adjacent to large bodies of water, such as lakes and oceans. However, this model domain

does not include any such water bodies or specify a constant head boundary.

The second type of boundary condition is known as the specified flux (Neumann
condition). In this case, a known flow rate is applied across the boundary, which may be
zero (indicating a no-flow boundary) or a specific value. This type of boundary is
commonly used for water divides in both surface and groundwater contexts, as well as for
impermeable geological formations. It is also applied to represent water entering the
system from precipitation (direct recharge), which can vary spatially and temporally, and
is typically implemented for the uppermost active layer. In the model area, a no-flow
boundary is represented by the Dendi volcanic, comprised mainly of pyroclastics such as
tuff and ash, located in the west, as well as the Gurage highlands to the southwest, due to
their low hydraulic conductivity. Similarly, the predominantly impermeable trachytic
geological formations of lava domes and volcanic shields, including Wochecha,
Menagesha, and Furi, create a no-flow boundary along the northeastern and eastern sides

of the model area.

The head-dependent flux (Cauchy or Mixed) boundary is the standard formulation of the
General Head Boundary (GHB) in MODFLOW, representing the third type of boundary
condition. This boundary condition simulates the movement of water into or out of the
model domain, relying on the difference between a reference head and the head computed
by the model. It is commonly used for rivers, their tributaries, drains, springs, or general
head boundaries. For example, when the model-calculated head exceeds the boundary
head, the drain boundary condition permits only the removal of water from the system. In
cases of surface water-aquifer interaction, seepage is contingent upon the river stage and

the aquifer head. Based on the available observed head data, along with evidence from



222Rn, electrical conductivity (EC), and isotopic analysis, the GHB is positioned in the
southeast section of the current model domain (Sections 4.4.3.1, 4.5.3, 4.5.4, and 4.5.5).
5.3.2.1 No flow boundary

The western boundary of the Woliso-Ambo mountain range, which includes Mount
Dendi, and the southwest part of the model domain, which borders Gurage Mountain, are
generally designated as no-flow boundaries. Acidic volcanic centers such as Menagesha,
Wechecha, and Furi play a critical role in shaping regional groundwater flow. These
centers and ridges are primarily composed of acidic volcanic rocks, notably trachyte,
ignimbrite, and rhyolite. These rocks are: Silica-rich, fine-grained, and often densely
welded. They are characterized by low primary porosity and limited fracture
connectivity, exhibit a very low hydraulic conductivity, even at depth, due to minimal
secondary permeability development. This makes them effectively impermeable and
suitable for representing no-flow boundaries in both unconfined and confined aquifer

layers.

While some volcanic units may show increased permeability due to weathering or
fracturing near the surface, deep-seated acidic centers tend to remain hydraulically tight.
Studies show that confined aquifers bounded by such lithologies experience limited
lateral flow, and flow lines tend to parallel the boundary, confirming its role as a
hydraulic barrier (Groundwater Project, 2023; Duffield, G. M. (n.d.)). These ridges often
coincide with structural highs and fault zones, which may act as vertical barriers rather
than conduits, especially when filled with impermeable volcanic zones. Their alignment
with surface water divides further supports the assumption that they also represent
groundwater divides, particularly in confined systems. Accordingly, no-flow boundaries
are appropriate where a measurable change in hydrogeologic properties occurs, such as at
formation contacts or impermeable lithologic transitions. In confined aquifers, these
boundaries are valid when the adjacent formations exhibit negligible transmissivity, as is

the case with the acidic volcanic centers in the area.

Despite limitations in the availability of direct hydraulic conductivity measurements, the
spatial distribution maps for both the unconfined and confined aquifer systems (Figure
4.7a & 4.7b) reveal a consistent trend of reduced hydraulic conductivity in proximity to



the acidic volcanic centers and ridges. This observed pattern supports the conceptual
assumption that these volcanic ridges act as hydraulic barriers, thereby validating the use
of no-flow boundary conditions in the groundwater flow model. Furthermore, the bottom
of the aquifer (Depth > 600 m) and areas not part of the model domain are likewise

regarded as inactive or no-flow cells.

5.3.2.2 Constant head

Areas with constant head boundaries, which contain significant surface waters, are where
an endless flow of water to the aquifer occurs. Head at a lake or reservoir is an illustration
of this circumstance. This model does not provide a constant head boundary because the

model domain does not contain any surface water bodies of such type.

5.3.2.3 General Head Boundary (GHB) and Specified flux

Converging evidence from potentiometric and/or piezometric groundwater level,
geological, hydrochemical, and isotopic studies (5'30, §°H, ???Rn, EC) are in close
agreement to suggest that the southeastern section of the study area is considered as a
GHB for both layers because it represents the groundwater's outflow zone of the study

area.

Furthermore, the planar extent of the General Head Boundary (GHB) surrounding the
PUAB exit is designed to simulate hydraulic interaction with external systems, such as
regional aquifers, rivers, or discharge zones, without explicitly modeling them. It acts as
a head-dependent flux boundary, where the flow rate is proportional to the head
difference between the model cell and the external system, scaled by conductance
(USGS, 2005; Aquaveo, 2019). The PUAB exit likely represents a regional outflow
point, such as a valley outlet or a downgradient basin margin. Assigning a GHB here
allows the model to simulate natural drainage or baseflow discharge from the aquifer
system into adjacent hydrological domains.
The spatial extent of the GHB was defined based on multiple pieces of evidence, such as
= Hydraulic gradient continuity: extend the GHB along zones where the
potentiometric surface consistently trends toward the PUAB exit.



o Geological boundaries: align with lithological transitions or fault zones that
facilitate lateral flow
e Model calibration needs: Include enough cells to capture the discharge behavior
without overextending into zones better represented by other boundary types (e.qg.,
no-flow or specified flux).
e Avoiding overlap: ensure the GHB does not intersect areas already governed by
specified flux or constant head boundaries.
Thus, using a GHB around the PUAB exit avoids the need to extend the model domain to
explicitly simulate downstream systems. It also provides flexibility in calibrating
conductance values, which can be adjusted to reflect varying transmissivity or
connectivity with external systems. Besides, the northern and northwestern plateau and/or
escarpment part of the study area of aquifer systems (layer 1. unconfined aquifer, and
Layer 3. confined aquifer) is represented by specified flux boundaries, through which
groundwater of the model area is recharged mainly from the adjacent Muger sub-basin
(Part of the Blue Nile basin) as a sub-surface inflow to the study area as per the
converging evidence discussed before (Section-4.7).

Based on convincing sources and hydrogeological principles, the justification for the
alignment of the specified flux boundary at the foot of the escarpment, particularly where
it intersects tributary rivers, is as follows:
= The specified flux boundary intersects tributary rivers that descend from the
escarpment, which are likely to contribute localized recharge to both the
unconfined and confined aquifer systems. These rivers represent surface water
features hydraulically connected to the subsurface, justifying the use of a
Neumann-type boundary condition (prescribed flux) at their interface (Banik,
2023).
= The foot of the escarpment marks a significant topographic break and often
coincides with fault zones or fractured volcanic units, which can enhance vertical
and lateral groundwater movement. This geomorphic setting supports the

assumption that flux enters the aquifer system at this boundary, especially during



seasonal runoff events or sustained baseflow conditions (Groundwater Project,
2023).

= According to MODFLOW documentation, specified flux boundaries are
appropriate where external inflows (e.g., river seepage, irrigation return flow, or
lateral recharge) are known or estimated. These boundaries allow the model to
simulate time-varying or spatially distributed fluxes based on hydrological inputs
(USGS, 2005).

= The alignment of the flux boundary along a tractable segment of the model grid
ensures consistent cell-based flux assignment and facilitates calibration. It also
allows for integration with recharge zones and observation wells, improving the

model’s ability to simulate inter-basin flow dynamics.

The boundary condition along the hydraulic connection between the Muger sub-basin and
the target aquifer system is represented as a head-dependent flux boundary within the
Visual MODFLOW grid. This configuration integrates both specified flux inputs and
dynamic hydraulic gradients, allowing the model to simulate subsurface inflow as a
function of imposed recharge rates and aquifer head responses. Such a dual
representation improves the realism of inter-basin flow dynamics, particularly in

structurally complex volcanic terrains.

The boundary line intersects zones of verified hydraulic continuity between the Muger
sub-basin and the receiving aquifer, as evidenced by regional hydraulic gradients,
topographic transitions, and structural controls discussed in earlier sections. The
escarpment in this region serves as a preferential flow path, where elevation differences
and fault alignments facilitate lateral groundwater movement. This boundary segment is
spatially aligned with a tractable portion of the model grid, enabling consistent cell-based

flux assignment, calibration, and sensitivity analysis.
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Figure 5.2 Model grid and boundary conditions for a) layer-1 & b) layer-3

The method used to estimate and input fluxes from the neighboring Muger Basin into a
Visual MODFLOW Flex model, based on the conceptual understanding, is as follows.
Step 1: Compute average flux using Darcy’s Law
Groundwater flux from the Muger sub-basin is estimated using Darcy’s Law based on the
two flow paths. The flux or recharge as a sub-surface inflow to the unconfined and
confined aquifer system from the adjacent Muger sub-basin is 6.9 mm/y and 59.23 mm/y
(Based on the computed results: Table 4.15 to 4.17 and Table 4.20 in the dissertation
report).
Step 2: Convert Flux to Model Grid
For an unconfined aquifer

e Measure the flux boundary length in the model domain: 89.3km

e Flux average 6.9 mm/y=1.89*10"°m/d

e Number of cells in the boundary=flux boundary length/cell width

=89.3km/500m=178.65
e Flux/cell=flux average/# of cells=1.89*10"°>m/d/178.65=1.058*10"m/d
e Flux volume in m3d= Area of sub-surface inflow contributing zone (here is the

escarpment zone: 2551km?) *flux in each cell

=270 m%/day
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For a confined aquifer

e Measure the flux boundary length in the model domain: 89.3km

e Flux average 59.23 mm/y=1.62*10*m/d

e Number of cells in the boundary=flux boundary length/cell width
=89.3km/500m=178.65

e Flux/cell=flux average/# of cells=1.62*10*m/d/178.65=9.1*10""m/d

e Flux volume in m%d= Area of sub-surface inflow contributing zone (here is the
escarpment zone: 2551km?) *flux in each cell

=2,317.8 m%/day

Thus, the Darcy-based flux estimation is widely used in regional groundwater modeling,

and Visual MODFLOW supports cell-based flux input and interlayer flow simulation.

In general, regional groundwater inflow occurs from the plateau and/or escarpment in the
northern and northwestern parts of the study area, whereas outflow generally occurs in
the southeast. As a result, a specified flux boundary is used to depict the area where
regional inflow occurs, and a general head boundary is used to represent the southeastern
border where groundwater exits the research area (Figures 5.2a & 5.2b). The specified
flux is computed using the Darcian approach for an unconfined aquifer (layer-1: 6.9
mm/y or 270 m3/d) and for a confined aquifer (layer-3: 59.23 mm/y or 2,317.8 m%/d)
5.3.2.4 Recharge

The annual recharge of the model area was estimated using two methods. The WTF
approach for the unconfined aquifer and the Darcian method for subsurface inflow to the
unconfined and confined aquifers, as detailed in sections 4.6.4 and 4.6.5. Groundwater
entering the model area from the northwest and northern plateau or escarpment is
categorized as subsurface inflow, moving towards the southeast outlet. Separating
recharge from direct precipitation and seepage at the base of the escarpment on
superficial deposits and fractured basaltic units is challenging due to variable gradients.
Using the groundwater budget concept, the water reaching the southeastern outlet can be
divided into two types. seepage and direct precipitation on the unconfined aquifer, and



subsurface inflow from the surrounding plateau and escarpment (Section 5.3.2; Table
5.1).

The average annual recharge was estimated at 40.5 mm/y using the WTF method, which
represents the unconfined aquifer (Section 4.6.4, Table 4.14). Additionally, the saturated
zone sub-surface inflow (groundwater flux or recharge) for both unconfined and confined
aquifers in the model area was computed using Darcy's method, yielding a total result of
106.6 mm/y (Section 4.6.5, Table 4.17). Accordingly, conceptualization based on the
groundwater balance is made to use the combined results from the two (WTF and
Darcian) using the areal extent of aquifers. The classification is based on the areal extent
of the model area and the areal extent of the flux or subsurface inflow zone, located on
the escarpment and plateau. By subtracting the recharge estimated by the WTF method
(40.5 mml/y) from the flux (106.6 mm/y), we obtain a difference of 66.1 mm/y, which
represents the flux mainly from the two aquifer systems (6.9 mm/y from the unconfined
aquifer and 59.2 mm/y from the regional confined aquifer). Furthermore, the net recharge
for the unconfined and confined aquifers is determined as 47.4 mm/y and 59.2 mml/y,
respectively, using the two groundwater-related estimation techniques (WTF and
Darcy's). This study estimates the subsurface recharge for the regional confined aquifer as

59.2 mmly.

In general, the recharge estimates are reliable due to two techniques: the WTF method for
direct recharge to the unconfined aquifer, and Darcy’s method for assessing subsurface
inflow. By considering groundwater balance and areal extent, the study avoids double-
counting and accurately allocates recharge between the unconfined (47.4 mm/y) and
confined (59.2 mm/y) aquifers. These findings align with regional studies, reinforcing the
validity of this approach.

The spatially distributed recharge rate for the model area of the unconfined aquifer was
created using the kriging interpolation technique in ArcGIS. This approach was based on
point recharge rates estimated from the WTF method of the unconfined aquifer using data
from three boreholes (this study) and previous research (three boreholes) conducted in
and around the area (Figure 1.1). To accurately apply groundwater recharge to the most



active cells, four average recharge zones were identified and incorporated into the model.
To align the model with the recharge values, these values were resampled using a grid
size of 500 m by 500 m. The recharge flow rate (Qy) is calculated by the model using the
following formula. Q=I*DELR*DELC, where Qr is the recharge flow rate in mé/day, Ir
is the recharge flux in m/day, and DELR and DELC represent the map area of a model

cell in m2.

5.3.2.5 River

The interaction zones between groundwater and surface water in the model area were
determined using various methods discussed in section 5.2. The River package is used to
evaluate flow dynamics based on head differences between surface water and
groundwater. In losing stream conditions, when the river stage (Hriv, in m.a.s.l) exceeds
the groundwater head (Hag, in m.a.s.l), water flows from the river to the aquifer (Rate = C
X (Hriv - Hag)). Conversely, in gaining stream conditions, water flows from the aquifer to
the river when the groundwater head is higher (Rate = C X (Haq - Hriv)). The flow is
influenced by factors such as the hydraulic gradient, riverbed conductance, river stage,
and groundwater head (Anderson & Woessner, 1992). Conductance (C), which quantifies
flow resistance, is calculated as C = (K x L x W) / M, where K is the hydraulic
conductivity of riverbed sediments (m/d), L is the river length in the cell (m), W is the

river width (m), and M is the riverbed thickness (m).

Since the hydraulic conductivity of the riverbed was not directly measured in the field,
average values were assigned to the river nodes based on the hydraulic conductivity of
the surrounding rocks and soils (Section 4.4.3.3). This is a common approach when direct
measurements of the riverbed are unavailable. River widths in the area were determined
using direct field measurements at selected locations, as well as approximations from
Digital Elevation Models (DEMs) and Google Earth imagery. The main river and its
tributaries varied in width from 6 to 17.3 meters, and the average width for each node
was incorporated into the river package for further simulation. This practical method
combines field data with remote sensing techniques to characterize river dimensions

across the model domain.



Additionally, the thickness of the riverbed sediment was found to range from 0.2 to 0.6
meters, based on lithological logs from boreholes near the river channel. Average values
were assigned to each node accordingly. The river's length within a cell was
approximately assumed to be equal to the cell size (500 meters) due to the challenges of
accurately measuring the river's length within that space. The model uses each river
node's conductance, thickness, bed elevation, and river stage to assess whether the node

is gaining or losing flow, in conjunction with the main river and its perennial tributaries.

5.3.2.6 Wells

Since there are no injection wells in the area, groundwater extraction was the sole
scenario that was simulated. A total of 135 water supply wells were compiled for this
study (Annex 5), of which 116 wells fall within the study area boundary and are utilized
for various hydrogeological analyses. These wells have depths ranging from 20 to 654
meters below ground level, although not all wells contain complete datasets. For instance,
only 60 wells have reliable lithological logs, and 34 wells have properly documented
pumping and recovery test data, among other relevant information. Accordingly, only 56
validated wells were selected to represent the two aquifer systems: 36 wells (depth <150
m) for the unconfined aquifer, and 20 wells (depth >250 m) for the confined aquifer. The
mean annual abstraction using the 116 wells across the 5,714 km? study area was

estimated as 5.25 mm/year, equivalent to approximately 30 MCM/y (Table 4.10).

The model simulates the effects of the wells on groundwater levels and flow dynamics by
simulating their presence. Local effects, especially during periods of peak demand, can
be substantial even if their impact on regional storage is small. The wells' measured
piezometric surfaces provide essential information for calibrating the model. Utilizing
actual measurements enhances simulation dependability and guarantees that the model
faithfully captures the aquifer's hydraulic conditions. Using piezometric data for
calibration enhances the model's accuracy, allowing for better predictions of future
groundwater behavior under various scenarios. In general, incorporating the 56 wells and
their abstraction rates into unconfined (layer 1) and confined (layer 3) aquifers is

essential for capturing the dynamics of groundwater flow in the study area. By using



measured piezometric surfaces for calibration, you enhance the model's reliability, which

is crucial for effective groundwater resource management and planning.

The total discharge of the wells is the sum of discharges from each layer, and each layer
discharge proportion is determined by using the layer transmissivity proportion
(McDonald & Harbaugh, 1988).

Qi= Qt ((biki) / (b1ki+bzka+bsks))

Where Qi is the discharge rate for the i layer in m®d, Q is the total measured discharge
of the well in m%d, biK; is the i layer thickness and hydraulic conductivity, which is
layer transmissivity in m?/day, biKi, b2Ka, and bsKs are transmissivity of respective

layers in m?/ day.

Accordingly, the estimated discharge rate of the unconfined aquifer (layer 1) is about
5,784 m®d or 2.1 MCM/y. By considering the respective transmissivity values of 76
m?/day and 483 m?/day for layer 1 and layer 3, the computed discharge rate for layer 3
using the above expression is about 71,068 m%d or 25.9 MCM/y. Thus, the total
discharge is estimated to be 28 MCM, which differs from the 30 MCM/y computed
abstraction rate (Table 4.10).

The key reasons why the sum of discharge from Layer 1 and Layer 3 (28 MCM/y) does
not match the estimated total abstraction of 30 MCM/year in layer-based discharge
estimates, even though transmissivity values were used, are as follows:

o Discharge estimates using transmissivity assume uniform aquifer properties and
consistent hydraulic gradients, which may not reflect actual spatial variability.

e If the transmissivity values (76 m2/d for Layer 1 and 483 m?/d for Layer 3) are
averaged or generalized, they may not capture local heterogeneities, leading to
under- or overestimation.

e The 30 MCM/year abstraction is based on well withdrawal data, which reflects
human-induced extraction, not necessarily the natural discharge capacity of each
aquifer layer.

e The transmissivity-based discharge may represent potential flow capacity, not

actual abstraction.



e In multi-layered systems, vertical flow between layers (leakage) can redistribute
water internally, making it difficult to isolate discharge per layer.

e Some abstraction wells may draw water from multiple layers, especially if
screened across both confined and unconfined zones.

e The abstraction estimate (30 MCM/year) is a spatially aggregated value across
116 wells, while transmissivity-based discharge may be calculated over specific
zones or cells.

Thus, the discrepancy can be reconciled by considering using zone-based transmissivity
averaging tied to well locations and incorporating layer-specific abstraction data if
available for future work.

5.3.3 Model initial conditions

5.3.3.1 Hydraulic conductivity

According to the discussion in section 4.4.3.3, the fact that pumping test data is derived
from a single well without utilizing data from observation wells makes it challenging to
estimate hydraulic conductivity directly. In this study, transmissivity value was analyzed
from pumping test and recovery data to calculate the hydraulic conductivities from fifty-
six (56) water supply wells, of which thirty-six (36) represent the unconfined aquifer
(layer 1. wells shallower than 150 m) and twenty (20) represent the confined aquifer
(layer 3. wells deeper than 250 m). Furthermore, thirty-four (34) hydraulic conductivity
values are derived from earlier studies. Accordingly, hydraulic conductivity in the range
of 0.06 m/d to 1.76 m/d is obtained for shallow to intermediate depth or unconfined
aquifer, and in between 0.33 m/d to 17.9 m/d for (Depth > 250 m), which represents the
confined aquifer.

A point (well site) hydraulic conductivity value was used as an input for the geostatistical
analysis of the kriging interpolation technique in the ArcGIS tool to create spatially
distributed hydraulic conductivity zones of the model domain, primarily for both
unconfined and confined aquifer systems (Figures 4.7a, 4.7b). Based on the hydraulic
conductivity of similar aquifer units, the model domain was characterized by four zones
for unconfined (layer 1) and five hydraulic conductivity zones for confined aquifer (layer

3). To fit the model result with the observed head, the calibration process was adjusted



after these hydraulic conductivity values from the empirical equation were imposed as the

model's starting input.

5.3.3.2 Hydraulic Head

When a flow simulation starts, MODFLOW flex needs initial hydraulic heads. To
establish the initial heads, which serve as a starting point for iterations, it is essential to
have the measured depth to the groundwater level and the knowledge of the groundwater
condition of the area. Groundwater level measurements were made from wells and
piezometers following pumping tests and validated during the dry season (January—
February 2025). Given the limited groundwater abstraction in the area, aside from
localized industrial use, the observed heads remain consistent with those recorded during
testing. Although recent groundwater development initiatives by the Ministry of Water
and Energy (MoWE) and the Ministry of Irrigation and Lowlands (MolL) are underway,
current measurements show no significant deviation from the one obtained after the
pumping test. Of the hydraulic head data from 56 boreholes, 36 represent the upper
unconfined aquifer (layer 1) and 20 represent the confined aquifer (layer 3). These values
were interpolated using the kriging interpolation technique to generate a continuous
potentiometric surface, resampled to a 500m*500m model grid resolution before being
imported to the modeling environment as the initial condition for both aquifers.
Incorporating this interpolated head surface during model initialization ensures a realistic

starting condition, enhancing calibration and numerical stability.

5.3.3.3 Storage coefficients

As mentioned in section 4.4.3.4, the lack of information from observation wells during
pumping tests makes it more difficult to estimate aquifer storage values such as specific
yield or capacity for unconfined aquifers and storativity or storage coefficient for
confined aquifers. Nevertheless, the specific yield value computed for an unconfined
aquifer from earlier research (WWDSE, 2008) of a similar geological setting including
the present study area, is between 0.01 and 0.3, with an average of 0.15, which is from a
small number of unevenly distributed wells. Thus, in this model, the unconfined aquifer

is represented by the average value of specific yield (Sy=0.15). For the same reason as an



unconfined aquifer, a confined aquifer in the research area has no storativity value.
Again, the storativity value of 0.045, determined using information from observation and
pumping wells in similar geological settings adjacent to the present study area is adopted

for further simulation.

5.4 Model Calibration and Results

Model calibration is a detailed, iterative process that refines the three-dimensional
distribution and structure of aquifer properties, including their specific values and the
characteristics of boundary conditions. Calibrating a groundwater flow model is critical,
as it involves adjusting input data to better match the observed water levels and flow rates
in an aquifer system (McDonald & Harbaugh, 1988; Szczepanski, 2004). The importance
of careful calibration cannot be overstated, as the quality of this process directly
influences the reliability of any findings and recommendations derived from the
simulation results (Waterloo Hydrogeologic Inc., 2011). This task must consider the
specific conditions of the area and the surrounding factors while keeping errors within an
acceptable range. Accurate calibration is essential for effective groundwater management
and decision-making.

Calibration was performed with a trial-and-error method by repeatedly adjusting
boundary conditions like hydraulic conductivity, recharge, river bed conductance, and
specified flux until the simulated heads and fluxes matched field-measured values within
a range of error (Kulma, R., & Zdechlik, R., 2009). By comparing the simulated
groundwater levels with the measured values, systematically adjust the model parameters
to accurately represent the aquifer systems. Through this in-depth change, the model's
predictive capabilities are enhanced, ensuring that it reflects the complexities of the
subsurface environment more faithfully. After calibration, the simulated head values were
closely aligned with the observed values. In this study, 56 observation wells (36 for layer
1 and 20 for layer 3) were employed, for which hydraulic heads were measured. These
points served as essential data inputs for calibrating the groundwater model. The
calibration process was carried out by comparing the model results with actual

measurements of groundwater levels.



Calibration statistics are essential for the accuracy of predictive models. The process
starts by calculating the residuals, which are the differences between simulated values
and actual observed values. A negative residual indicates an overestimation, while a
positive one signals an underestimation. Calibration can be performed through manual
trial and error, which involves adjusting parameters based on model runs to match

observed data.

A comprehensive statistical comparison was made between the simulated and measured
values of hydraulic heads to evaluate the performance of the model. This analysis aimed
to evaluate the calibration accuracy of the hydraulic model quantitatively. Key metrics
employed in this assessment include the mean error (ME), mean absolute error (MAE),
and root mean square error (RMSE). These statistical indicators serve as critical tools for
assessing the overall goodness-of-fit between the simulated and observed hydraulic head
values, allowing for a thorough understanding of the model's predictive capability, which
ultimately facilitates improvements in model calibration and validation processes
(Anderson & Woessner,1992).

The mean error (ME) is defined as the average of the differences between the measured
water levels (hm) and the simulated heads (hs). This statistical metric serves to quantify
the disparity between the actual measurements and the model's estimations, providing
valuable insight into the accuracy of the simulations. ME provides insight into any
consistent bias present in your model, indicating whether it tends to overestimate or
underestimate the actual values. A positive ME suggests that the simulated heads are too
low, while a negative ME indicates the simulated heads are too high. If the ME is close to

zero, it indicates that the model simulations are unbiased on average. It is expressed as;
ME = i ® (hm — hs)i

Where n is the number of calibration measurements. For accurate calibration, this value

should be close to zero.

The mean absolute error (MAE) is a quantitative metric that calculates the average of the
absolute differences between observed values and their corresponding predicted or

simulated values. This measure is particularly valuable as it considers only the magnitude



of the errors and treats them equally, effectively ignoring their signs, which allows for a
more straightforward evaluation of prediction accuracy. By aggregating these absolute
discrepancies, MAE provides a clear and comprehensible assessment of the model's
performance, highlighting how well the simulations replicate actual measurements and
serving as a crucial indicator in the calibration and validation processes of predictive

modeling. It is also expressed as;
MAE = =3"| (h, —h,)i
N5

The root mean squared error (RMSE), also known as the standard deviation of the errors,
quantifies the differences between the values predicted by a model and the values
observed. It is calculated as the square root of the average of the squared differences
between measured and simulated heads, which allows it to capture the magnitude of
discrepancies without being affected by the direction of the errors. By squaring the
differences before averaging, RMSE emphasizes larger errors, making it a sensitive

measure for assessing model accuracy.
1 n 0.5
RMSE = [—Z| (h,, —h,)i? l}
[ Ry

This metric is particularly valuable to understand the precision of head measurements and
a lower RMSE value indicates better model accuracy. Generally, both root mean square
error (RMSE) and mean absolute error (MAE) assess the average differences between
simulated values and actual measurements, but they approach this task in slightly
different manners. RMSE amplifies the discrepancies by squaring them before averaging,
which gives heavier emphasis to larger errors. This property makes RMSE quite
responsive to outliers, or significant deviations within the data. On the other hand, MAE
considers the absolute differences, treating all errors uniformly and offering a clear
average of how inaccurate your simulations are. Understanding these metrics helps you
identify areas where the model might be falling short and informs adjustments for
improved accuracy. The calibration standard for heads necessitates an RMS that is at or
below 10 percent of the observed head range in the aquifer being modeled (Anderson &
Woessner, 1992).



In general, the evaluation of any model should incorporate both qualitative and
quantitative measures, of which quantitative performance measures pertain to the
mathematical or statistical analysis of residuals. On the other hand, the qualitative
assessment involves scatter plots of measured versus simulated heads and pattern

matching like comparisons of contour maps.

69 trial runs were conducted to successfully fit the observed and simulated water levels.
The results of the steady-state calibration indicate that the measured water levels in the
field (from observation wells) closely match the calculated water levels from the model.
A summary of the statistics for the residuals, which represent the differences between
simulated and observed values, was generated after the calibration. Specifically, the
statistics related to the residuals were computed for 36 wells in layer 1 and 20 wells in
layer 3 (Figure 5.3 a, b, ¢, and Table 5.2).
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Calculated vs. Observed Heads: Time =0
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Figure 5.3 Correlation of observed versus simulated groundwater levels for a) layer 1, b)
layer 3, and c) both layers together under steady state conditions
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To gain deeper insights into the performance of the simulations, a series of key statistical
metrics was meticulously calculated from the residuals. These metrics included the mean,
minimum, and maximum values, along with the RMSE and AMR, which collectively
provide a strong outline for evaluating accuracy. The overall normalized root mean
square error of the aquifer systems is 9.16 (<10) with a mean residual of 0.81m and
correlation coefficient (R?) of 0.99, which is a good indicator of calibration quality. A
mean close to zero shows a balance between positive and negative residuals, implying
less model bias.

Table 5.2 Comparison of observed and simulated groundwater level values under steady-

state conditions

3 a0 S § ° E 5B
s| 2 | ¥ | B | g3| i3| cssv 55 E:
z T = E gSd| =29 | S8z« 223 58
= | 2| 2 | £F| g8 5 F|58 ¢ &°
(=] o
1 BHE101/1 | 453540 | 982150 | 2053 2063.7 2064.8 -11
2 BHE102/1 | 408480 | 952880 | 2273 2262.4 2272.9 -10.4
3 BHE104/1 | 404050 | 980360 | 2211 22123 22253 -13
4 BHE106/1 | 432820 | 969800 | 2075 2065.5 2073 -7.5
5 BHE109/1 | 429250 | 993950 | 2080 2082 2076.9 5.1
6 BHE110/1 | 429530 | 987240 | 2051 2062.6 2051.1 115
7 BHE112/1 | 416950 | 988220 | 2088 2085.8 2088.3 -2.5
8 BHE113/1 | 435990 | 973760 | 2052 2059.6 2051.8 7.8
9 BHE114/1 | 415250 | 939050 | 2362 2360.1 2362.1 -2
10 | BHE115/1 | 412830 | 949740 | 2261 2248.5 2261.4 -12.9
11 | BHE116/1 | 424090 | 968970 | 2081 2072.9 2063.6 9.3
12 | BHE117/1 | 428570 | 961640 | 2115 2089.1 2098.1 -8.9
13 | BHE118/1 | 409120 | 975190 | 2101 20824 2090.3 -7.9
14 | BHE119/1 | 415530 | 977260 | 2069 2075.3 2064.5 10.8
15 | BHE120/1 | 416140 | 977210 | 2068 Layer 1 20744 20634 111
16 | BHE121/1 | 415720 | 976670 | 2070 2075 2066.2 8.8
17 | BHE122/1 | 418710 | 974900 | 2073 2073.1 2066.3 6.7
18 | BHE123/1 | 423380 | 973440 | 2069 2069.6 2055.4 14.2
19 | BHE124/1 | 441370 | 977900 | 2047 2058.4 2041.3 171
20 | BHE125/1 | 441900 | 981390 | 2043 2058.5 2039.2 19.3
21 | BHE126/1 | 441830 | 983810 | 2051 2060 2054.5 5.5
22 | BHE128/1 | 461900 | 974300 | 2084 2070.4 2070.4 0
23 | BHE129/1 | 451900 | 983000 | 2068 2063.3 2071.3 -8
24 | BHE130/1 | 455530 | 984000 | 2096 2064.3 2054.9 9.4
25 | BHE131/1 | 455040 | 956410 | 2022 2015.7 2021.6 -5.9
26 | BHE132/1 | 451590 | 954520 | 2067 2073.3 2067.2 6
27 | BHE135/1 | 442810 | 977630 | 2022 2058.6 2047.1 115
28 | BHE15/1 | 433200 | 959670 | 2063 2084.8 2097.2 -12.4
29 | BHES4/1 | 442840 | 977560 | 2035 2058.6 2042.8 158
30 | BHE56/1 | 407400 | 972710 | 2097 2105.1 2112.7 -7.5




3 = §2) = F:’ ] E S o
- Y4 | Z | 8y &5 | 557 25w £
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31 | BHE71/1 | 423880 | 953050 | 2136 2138.3 2149 -10.7
32 | BHE76/1 | 455550 | 983750 | 2076 2064.2 2064 0.3
33 | BHE93/1 | 451680 | 958830 | 2063 2055.3 2064.6 -9.3
34 | BHE94/1 | 455450 | 983010 | 2053 2064.2 20735 -9.3
35 | BHE97/1 | 444620 | 978140 | 2043 2058.8 2049 9.8
36 | BHE97/1 | 444620 | 978140 | 2043 2058.8 2049 9.8
Min. Residual | -12.9 m
Max. Residual | 19.31 m
Mean residual | 1.44 m
Absolute mean residual (AMR) | 8.84 m
Root mean squared (RMSE) | 9.88 m
Normalized R? | 0.99
37 | BHE12/1 | 427220 | 971570 | 1794 2060.9 2063.2 -2.3
38 | BHE13/1 | 456410 | 962800 | 1733 2010.7 1995 15.6
39 | BHE14/1 | 450450 | 981240 | 1809 2060.2 2074.1 -13.9
40 | BHE16/1 | 413230 | 974110 | 1810 2064.4 2068.6 -4.3
41 | BHE17/1 | 427490 | 992980 | 1826 2069.7 2073.7 -4
42 | BHE18/1 | 418770 | 988570 | 1815 2069.7 2077 -7.3
43 | BHE19/1 | 423530 | 989200 | 1794 2068.9 2061.9 7.1
44 | BHE21/1 | 411870 | 989880 | 1853 2111 2111.1 -0.1
45 | BHE22/1 | 411280 | 984150 | 1823 2070.2 2082 -11.8
46 | BHE23/1 | 426970 | 971150 | 1772 Layer 3 2060.9 2054 6.9
47 | BHE24/1 | 426450 | 969520 | 1801 2060.2 2064.6 -4.4
48 | BHE25/1 | 450920 | 978940 | 1806 2060.5 2059.6 0.9
49 | BHE26/1 | 450980 | 981470 | 1805 2066.5 2074.4 -7.9
50 | BHE27/1 | 438960 | 977390 | 1785 2059.8 2044 15.9
51 | BHE28/1 | 447320 | 978720 | 1775 2053.9 2051.1 2.8
52 | BHE29/1 | 449170 | 980610 | 1796 2057 2059.6 -2.6
53 | BHE35/1 | 445660 | 983870 | 1817 2062.5 2066.9 -4.3
54 | BHE37/1 | 427290 | 976950 | 1806 2063.6 2062.5 1
55 | BHE38/1 | 431970 | 979200 | 1808 2063.4 2064.3 -0.9
56 | BHE39/1 | 422890 | 976540 | 1782 2064.1 2056.1 8
Min. Residual | -13.9m
Max. Residual | 15.87 m
Mean residual | 0.29 m
Absolute mean residual (AMR) | 6.1 m
Root mean squared (RMSE) | 7.75m
Normalized R | 0.94
Layer 1 and Layer 3 together
Min. Residual | -13.9m
Max. Residual | 19.31 m
Mean residual | 0.81 m
Absolute mean residual (AMR) | 7.84 m
Root mean squared (RMSE) | 9.16 m
Normalized R | 0.99

Despite overall consistency in the simulated groundwater flow patterns, notable
discrepancies were observed between simulated and measured parameters, such as the

normalized RMSE in Layer 3, which reached 94%. These deviations are primarily



attributed to the timing and condition of head measurements used during model
calibration. The main reason for this is that some observed heads were recorded shortly
after the completion of pumping tests, before full stabilization of the dynamic
groundwater level to static conditions. These premature data acquisitions likely
introduced bias in the input heads, which were subsequently used to compute fluxes and
generate groundwater level contours. As a result, the model may reflect errors in both
head distribution and water balance components. Such uncertainties underscore the
importance of ensuring hydrostatic equilibrium in observation wells before data
collection, particularly in stress-based scenario simulations. Future calibration efforts
should prioritize stabilized head measurements and consider incorporating uncertainty

quantification techniques to constrain model predictions better.

The hydraulic conductivity of aquifer systems is a key input parameter used for
calibration purposes. This property is spatially assigned based on a conceptual
understanding of the groundwater flow system and the analysis of pumping test data from
representative water supply wells in different aquifer layers. The known values of
hydraulic conductivity are initially set as pilot points in each aquifer unit, specifically in

layer 1 and layer 3.

The simulated hydraulic conductivity values for both the unconfined and confined aquifer
systems, as illustrated in Figure 5.4a, b, reveal a distinct spatial variation in groundwater
dynamics, mainly in an unconfined aquifer. The northeastern and southeastern regions
exhibit notably high hydraulic conductivity, suggesting that these areas facilitate a strong
flow of groundwater toward the southeast. In contrast, the western and southwestern
sectors present much lower values of hydraulic conductivity, a reflection of the
impervious nature of the underlying geological units and the minimal influence of
geological structures in these regions, whereas a confined aquifer (layer 3), has little or

no significant variation.

The simulated hydraulic conductivity values for the unconfined aquifer range from 0.15
m/day to 8.98 m/day, while those for the confined aquifer range from 7.2 m/day to 22.8
m/day. Whereas, the field-based hydraulic conductivity analysis result shows the value in



the range of 0.06 m/d to 1.76 m/d for an unconfined aquifer and 0.33 m/d to 17.9 m/d for

a confined aquifer (Figure 4.7a & Figure 4.7Db).

The difference between field-based hydraulic conductivity (K) estimates and those

obtained after model calibration is a common and well-documented phenomenon in

groundwater modeling (M. EI-Rawy et al., 2018). The justifications for post-calibration

changes in hydraulic conductivities are;

During calibration, the model adjusts parameters, especially hydraulic
conductivity values, to minimize the difference between observed and simulated
heads. This process, known as inverse modeling, often leads to non-unique
solutions, where multiple parameter combinations can yield similar head
distributions. As a result, areas with low observed hydraulic conductivity may be
assigned higher values to compensate for other uncertainties (e.g., recharge,
boundary conditions, or layer connectivity).

Field measurements reflect local-scale hydraulic conductivity values, while model
calibration operates at the grid or zone scale, often averaging heterogeneities. A
single well test may underestimate transmissivity if fractures or preferential flow
paths are missed, whereas the model may infer higher hydraulic conductivity to
match regional flow patterns.

If boundary conditions (e.g., recharge or flux boundaries) are uncertain or
simplified, the model may adjust hydraulic conductivity values to balance the
water budget. For example, underestimating recharge may lead the model to
increase hydraulic conductivity in certain zones to maintain observed head levels.
In multi-layered systems, vertical flow between layers can affect calibration. If
leakage from upper layers is underestimated, the model may increase hydraulic
conductivity in lower layers to simulate observed drawdowns or artesian
conditions.

Calibration often uses zonation, where hydraulic conductivity is assumed constant
over large areas. This can mask local variability and lead to generalized hydraulic

conductivity values that differ from point-scale observations.



Thus, the observed reversal, where zones with low field-based hydraulic conductivity
show higher calibrated values, is a result of either of the following conditions, like the
model's compensation for data gaps or simplifications, scale mismatch between field tests
and model resolution, structural and boundary condition uncertainties, and the inherent
non-uniqueness of inverse modeling. Thus, these adjustments are acceptable as long as
the model remains hydrologically consistent, calibrated against reliable head data, and

validated through sensitivity analysis.
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Figure 5.4 Simulated hydraulic conductivity (m/day) distribution under steady-state
conditions a) layer 1 and b) layer 3

5.5 Water Budget

The water balance is a crucial performance metric used to assess the accuracy of a
calibrated model. It involves comparing the total simulated inflows and outflows within
the model to identify any residual errors. The water balance error is expressed as a
percentage, representing the discrepancy between total inflows and total outflows,
including any changes in storage. To calculate this percentage, you divide the difference

between inflows and outflows by either the total inflows or total outflows. For a model to
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be deemed numerically reliable and acceptable, the water balance error must remain
below 1% (Anderson et al., 2015).

In this study, a comprehensive groundwater budget was established following model
calibration, yielding a total inflow of approximately 760,095.8 m3/day (equivalent to
277.5 Mmd/year) into the aquifer system (Figure 5.3). The model demonstrates a near-
perfect balance between inflow and outflow, with a discrepancy of only 0.001%,
indicating a high level of calibration accuracy and numerical stability. To further assess
the reliability of the calibrated model, the results were compared against analytically
derived estimates, which suggest a total inflow of 844,065.1 m3/day (or 308.1 Mm3/year).
Although the calibrated values are slightly lower, the comparison underscores the
model’s ability to reproduce regional groundwater dynamics within an acceptable margin
of error, thereby reinforcing its suitability for predictive simulations and resource

management applications.

Table 5.3 Simulated daily water balance for part of the Upper Awash groundwater area

Analyticaly Computed Model Computed
No Water Balance Components Inflow Outflow |Water balance components |Inflow (m’/d) |Outflow (m’/d)
m’/day m’/day  |River leakage 275.798.20 704,329.88

Recharge from runoff seepage (at the foot of
the escarpment. and through stream channels)
1 |and direct precipitation on the alluvial plain) Head-dependent boundaries 104.365.80 55.777.71
computed using WTF method (Area: 3440
km’) 381.698.73
Recharge from draining the northwestern and
northern plateau & Escarpment as a regional
subsurface inflow for unconfined aquifer
system (Area: 2552 km?) 48.243.28
Recharge from draining the northwestern and
northern plateau & Escarpment as a regional
subsurface inflow for confined aquifer system
(Area: 2552 km®) 414.123.13

Recharge 325.331.80

Specified flux 54.,600.00

Abstraction Negligible

Total budget f tral plain part of the U .
ot buceet for central prati part ot e Uppet Total] 760.095.80 | 760.107.58

Awash Basin groundwater system estimated by ~ 844,065.14  844,065.14

- -11.8
Darcy’s method. Inflow- outflow

Percent discrepancy. % 0

A calibrated model reflects observed hydraulic heads and fluxes, ensuring that simulated
inflows and outflows are consistent with field conditions. Calibration minimizes the
residuals between observed and simulated data, thereby improving confidence in the
model’s predictive capabilities (Anderson et al., 2015). The near-zero discrepancy
(0.001%) between inflow and outflow confirms mass balance closure, a fundamental

criterion for model reliability. Analytical methods (Darcy-based recharge estimation and



water table fluctuation methods) provide independent benchmarks for model validation.
Cross-validation with analytical approaches helps identify potential biases or structural
errors in the numerical model (Scanlon et al., 2002). The calibrated inflow (760,095.8
m3/d) is within ~10% of the analytical estimate (844,065.1 m3/d), suggesting that the

model captures the dominant hydrogeological processes despite simplifications.

Discrepancies below 5 to 10% are generally considered acceptable in regional
groundwater models, especially in complex volcanic terrains, like the present study area.
Model uncertainty arises from spatial heterogeneity, parameter estimation, and
assumptions about boundary conditions (Hill & Tiedeman, 2007). A 0.001% discrepancy
is exceptionally low, indicating robust numerical convergence and well-constrained

boundary conditions.

Thus, reliable models are essential for scenario-based simulations, policy development,
and sustainable groundwater management. A well-calibrated model with validated fluxes
can be confidently used for scenario analysis, stress testing, and resource allocation
(Barnett et al., 2012). The close agreement between calibrated and analytical budgets

supports the model’s use in forecasting and decision-making contexts.

5.6 Sensitivity analysis

The primary objective of sensitivity analysis is to quantify uncertainties in a calibrated
model resulting in variations in aquifer parameters, stresses, and boundary conditions
(Anderson & Woessner,1992). While various methods exist for conducting these
analyses, no single approach can definitively determine model sensitivity. This study uses
a traditional method, adjusting key parameters by specific percentages to document the

resulting changes in simulated outcomes.

A sensitivity analysis was conducted for both unconfined (layer 1) and confined (layer 3)
aquifers within the calibrated models to evaluate the uncertainty associated with
estimates of aquifer parameters and boundary conditions. The response of the calibrated
numerical model was analyzed for variations in hydraulic parameters such as hydraulic

conductivity, recharge rates, river-bed conductance, and specified fluxes from the



northern and northwestern boundaries of the unconfined aquifer. Additionally, hydraulic

conductivity and specified flux were examined for the confined aquifer.

During the simulations, while assessing the impact of one specific parameter, the other
parameters were held constant at their calibrated values. A specified percentage across
the entire area was uniformly adjusted for each parameter. The resulting changes in heads
from the calibrated model were utilized as a measure of the model's sensitivity to
particular parameters.

Table 5.4 Result of sensitivity analysis (layer 1)

Percent of _ Resulting change
Parameters - Residual Standard
variation (%) S
mean (m) deviation (m)

-50 20.94 33.58
-25 8.46 12.73
Hydraulic -10 3.53 9.54
conductivity, 0 1.44 9.88
m/day 10 -0.48 12.46
25 -3.4 15.49
50 -2.3 14.59
-50 -1.7 27.39
-25 -1.6 26.96
River bed -10 -1.4 26.74
conductance, 0 1.44 9.88
m2/day 10 -1.2 26.47
25 -1.1 26.32
50 -0.8 26.07
-50 -10.3 26.59
-25 -4 16.88
-10 -0.59 12.46
Recharge, m/d 0 1.44 9.88
10 3.37 9.69
25 7.22 11.12
50 12.9 18.66
-50 1.66 9.86
-25 1.65 9.87
- -10 1.65 9.86
Spe?‘gfgag'”x’ 0 1.44 9.88
10 1.65 9.87
25 1.65 9.87
50 1.66 9.86

The sensitivity analysis results for the unconfined aquifer (Table 5.4 and Figure 5.5)
indicate that the model is very sensitive to changes in hydraulic conductivity and

recharge rates. The biggest change in head, which ranges from 20.94 m to -3.4 m, occurs



when hydraulic conductivity is adjusted by -50% to +50%. When hydraulic conductivity
increases, the head variation reduces to 3.4 m. In contrast, when hydraulic conductivity
decreases, the head variation increases significantly to about 21 m from the final
calibrated model value. This shows how important hydraulic conductivity is to the

behavior of the aquifer.
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Figure 5.5 Result of sensitivity analysis for unconfined aquifer (layer 1)

The second factor affecting head variation is related to recharge, which varies from -
10.3m to 12.9m as recharge values change between -50% and 50%. In an unconfined
aquifer, both river-bed conductance and specified flux have little to no significant effect
on head variation. In general, the effect of varying hydraulic conductivity and recharge is
opposite, i.e., increasing the hydraulic conductivity will decrease the head distribution in
the model, while increasing the recharge increases the heads in the model. This indicates
that more reliable data on hydraulic conductivity will greatly increase the accuracy of the
model outputs.

Table 5.5 Result of sensitivity analysis (Layer 3)

Parameters Percent of Resulting change
variation (%) | Residual mean (m) | Standard deviation (m)
-50 41.8 42.92
Hydraulic 2 155 1757
conductivity, : .
m/day 0 -0.3 7.75
10 -4.6 9.6
25 -9.9 13.66
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Parameters Percent of Resulting change
variation (%) | Residual mean (m) | Standard deviation (m)
50 -16.3 19.54
-50 -29.1 31.69
-25 -14.6 1755
Specified Flux, '(1)‘3 _-05-2% 170%%8
ol 10 5.64 9.22
25 14.3 16.022
50 28.8 29.08

The results of the sensitivity analysis (Table 5.5 and Figure 5.6) for the confined aquifer
show that the model is very sensitive to changes in hydraulic conductivity and specified
flux. The largest change in water level, from 41.2m to -16.3m, happened when adjusted
the hydraulic conductivity from -50% to +50% of the calibrated value. When hydraulic
conductivity increases, the water level change decreases to 16.3m. However, when it
decreases, the change in water level increases to about 42m compared to the final
calibrated model value. The second key factor that affects the water level change is the
specified flux, which changes from -29.1m to 28.8m when the specified flux value is
adjusted by -50% to +50% of the calibrated value.

Thus, the sensitivity analysis shows that the unconfined aquifer is highly responsive to
changes in hydraulic conductivity and recharge levels, meaning even minor fluctuations
can significantly affect its behavior. In contrast, it has less sensitivity to riverbed
conductance and specified flux. For the confined aquifer, variations in hydraulic
conductivity and specified flux are more impactful. These findings highlight the necessity
of accurate and reliable data on hydraulic conductivity, recharge rates, and specified flux

to improve groundwater model precision and ensure better water resource management.
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Figure 5.6 Result of sensitivity analysis for confined aquifer (Layer 3)

5.7 Stress-based scenario analysis for resource management

5.7.1 Aquifer response using different scenarios

The significance of groundwater modeling lies in its ability to evaluate the potential
impacts on aquifer systems driven by a range of factors, such as climate change and
human activities like excessive groundwater extraction. Steady-state models serve as
valuable tools for predicting the consequences of sustained stressors over time, including
extended drought periods or projected long-term pumping scenarios (Anderson &
Woessner, 2015). Through thorough calibration, the final model was utilized to simulate
various future scenarios, enabling a comprehensive analysis of the potential changes and
challenges that groundwater resources may encounter in the coming years. This not only
aids in understanding the dynamics of groundwater systems but also informs better

management practices to ensure their sustainability.

Utilizing a calibrated steady-state model, various simulations were made to evaluate the
impacts of the adverse effects of climatic conditions, specifically drought, alongside
hypothetical increases in well withdrawals. This simulation analyzed the groundwater
system's response to various stressors, allowing us to assess how these changes might
influence water availability and management. Through situation analysis, valuable
insights are provided, which could guide decision-makers in planning and managing

groundwater resources within the area. It is anticipated that a significant portion of the



withdrawn water may ultimately contribute to river flow or that underflow in the aquifer

may become the predominant hydrological process, as indicated by the simulation results.

While all the scenarios considered employed hypothetical values, it is imperative to note
that they are representative of conditions that are highly plausible soon, thereby
emphasizing the urgency for informed water resource management strategies in the face

of changing environmental conditions.

The main assumptions used for the scenario analysis include the initial conditions of the
model's head and the flux from steady-state calibration. The simulation period lasts
11,320 days (30 years). It assumes a constant rate of drought condition (a reduced
recharge rate and specified flux by 50%) along with both injection and extraction.
Furthermore, the response of the groundwater system is analyzed using representative

observation wells to assess the drawdown as a function of exploitation time.

5.7.1.1 Scenario I. Decline in recharge and specified flux (Climate Change)

In this scenario, both the calibrated recharge and specified flux values were deliberately
reduced by 50 % to simulate the effects of drought. This adjustment was implemented
simultaneously within the calibrated model to analyze the groundwater system's response
to these considerable changes. By lowering these parameters, the aim was to gain insights
into the dynamics of groundwater behavior under modified conditions and evaluate the

subsequent impacts on the overall hydrological response.

The simulation results show a decline in groundwater levels on average of 25.8 meters
for the unconfined aquifer (layer 1) and 4.3 meters for the regional confined aquifer
(layer 3), as recorded by monitored wells (Figures 5.7a & b). The water balance analysis
after simulation (Table 5.6) indicates a 10.5% increase in inflows due to river leakage and
a 2.5% increase from head-dependent flow. In contrast, the analysis also indicates a
significant reduction in outflows, with river leakage experiencing a sharp decline of

19.2%, while outflows through a general head boundary saw a dramatic decrease of 43%.
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Table 5.6 Changes in water balance components for drought conditions

Water balance after steady state calibration, all in })Nz(ajter l_:)ala_nce after simulation _O_f 50
m3/d ff) eclln_e in gecharge and specified
ux, all in m°/d
Inflow components
River leakage 275,813.4 304,498.1
Head-dependent boundary 104,366.8 107,023.9
Recharge 325,331.8 162,564.5
Specified flows 54,565.0 27,265.0
Total Inflow 760,076.9 601,351.6
Outflow components
River leakage 704,024.13 569,408.80
Head-dependent boundary 56,055.01 31,944.96
Total outflow 760,079.13 601,353.75
Inflow-Outflow -2.1675 -2.1875
% discrepancy 0.00 0.00
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5.7.1.2 Scenario Il and I11. Using an additional number of water supply wells

The second and third scenarios involve the pumping of 100 and 120 boreholes over 30
years, from January 1, 2026, to December 31, 2055, respectively. The model was used to
evaluate the effects of pumping at a mean discharge rate of 4,320 m?¥/d, equivalent to 50
I/s. This results in total groundwater extraction of 432,000 m3/d for the second scenario
and 518,400 m?/d for the third scenario. This assessment aims to understand the future
impacts of over-pumping on the aquifer system. During the pumping period, the
groundwater levels in the model area were monitored using representative observation

wells for both unconfined (layer 1) and confined (layer 3) aquifer systems.

In these scenarios, twelve observation wells represent an unconfined aquifer (layer 1). In
the second scenario, six observation wells, including BHE106 and BHE118 to 122,
exhibited a significant drawdown of approximately 45 meters from the start, continuing
for up to 5,000 days (around 13 years). Following this period, the rate of drawdown
slowed, ultimately reaching a total of 50 meters by the end of the extraction phase. Four
additional wells (BHE109, 110, 112, and 113) experienced a low drawdown of about 10
meters for only 2,000 days (5 years), with no further drawdown observed in the
subsequent pumping intervals. Meanwhile, two wells (BHE15 and BHE17) showed an
unusual rise in water levels lasting about 1,500 days (4 years). This rise was attributed to
increased water inflow in these areas due to additional aquifer development. After this
period, the water levels in these wells dropped rapidly until reaching 5,000 days (13.5
years) and then continued to decline slightly during the remaining pumping interval
(Figure 5.8a).
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In the third scenario, which specifically addresses the unconfined aquifer, a significant
drawdown was observed in five observation wells. BHE106, BHE109, BHE15, BHE117,
and BHE118. This drawdown can be attributed to their proximity to a local barrier
located in the central area of the model, as well as the presence of clay layers or lenses at
depth that create localized zones of reduced drawdown. In contrast, the lower drawdown
recorded in the observation wells labeled BHE15, BHE110, BHE112, BHE113, and
BHE119-BHE122 is due to their closeness to the main river or streams, which provide

additional water replenishment (Figure 5.8b).

A total of six observation wells (BHE13, BHE17-19, BHE38, and BHE39) serve as key
indicators of the regional confined aquifer system. Throughout the entire pumping
duration of both scenarios, these wells demonstrated remarkably minimal drawdown,
recording less than 2 meters for the second scenario and only about 4.2 meters for the
third scenario, as illustrated in Figures 5.8c and 5.8d. This limited response can be

attributed to several key factors inherent to the confined regional aquifer system (layer 3).

155



Notably, a significantly high recharge rate (flux) from the surrounding plateau
replenishes the aquifer, while the substantial storage capacity of the fractured scoriaceous
basaltic aquifer, characterized by its confined nature, further mitigates the effects of
prolonged pumping over an extensive period of 30 years. Analysis of these scenarios
revealed that groundwater outflow through rivers decreased by 15.4% in the second
scenario and by 23.3% in the third scenario. Conversely, inflow to groundwater increased

by 12.8% in the second scenario and by 16.13% in the third scenario.
5.7.1.3 Scenario V. Recharging using injection wells

In the designated model area, a total of 50 hypothetical deep wells were methodically
proposed to facilitate the injection of water at a consistent rate along the rivers and
streams, in addition to strategically positioning them at the base of the escarpment. This
design carefully considered the intricate alignment of the regional geological structures
(Figure 5.9).

To assess the groundwater system's dynamics, a series of independent simulations were
conducted, targeting the main regional aquifer system, each employing the calibrated
final model result as a reliable baseline. Various injection rates (216,000 m3/day, 345,600
m3/day, and 518,400 md/day) were experimented. This variability in injection rates
allowed for a detailed observation of the groundwater response dynamics across various
observation wells, offering insights into how differing volumes of water affect aquifer
replenishment, hydraulic gradients, and overall groundwater behavior in the system. The
results from these simulations were meticulously analyzed, which are crucial for effective

water resource management.
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Figure 5.9 Location of injection wells within the model domain

The result of model simulation for the coming 30 years prediction (Figure 5.10 a, b, ¢)
shows that an average rise of groundwater level of only with 1.05 m, 2.38 m, and 4.45 m
observed at three observation wells (BHE17, BHE18, and BHE19) for the respective
increased injection rate of 216,000 m3/day, 345,600 m3/day, and 518,400 m3/day.

Table 5.7 demonstrates that the result of this scenario led to a 2.03 % increase in
groundwater leakage to the river, while the leakage from the river to the groundwater
decreased by 4.7%. Overall, as the injection rates increase, groundwater outflow to the
river also rises by an average of 7.31%, accompanied by a 2.8% decrease in river leakage
to the groundwater, relative to the calibrated model values. Furthermore, the results
indicate that outflow at head-dependent flow boundaries increased by approximately five

times.
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Figure 5.10 The predicted groundwater level rise (for layer-3) over the next 30 years
(11,321 days) using different injection rates. a) 216,000 m3/day, b) 345,600 m?/day, and
c) 518,400 m3/day

Table 5.7 Changes in water balance components for various injection rates

Water Balance after steady state calibration, all in m¥/d

Inflow parametres Value Outflow components Value
- River leakage 275,813.38 - River leakage 704,024.13
- Head dependant Boundar 104,366.80 - Head dependant Boun 56,055.01
- Recharge 325,331.75 Total outflow| 760,079.13
-Specified flows 54,565.00 |Inflow-Outflow -2.1875
Total Inflow| 760,076.90 |% descrepancy 0.00
The simulated groundwater (model) response after using different rates of injection
(Increasing recharge)
Inflow parametres Values, m*/day
-Storage 343,362.9 342,158.1 369,630.3
-Injection wells 216,000.0 345,600.0 518,400.0
-River leakage 288,728.0 280,888.9 270,635.4
-Head dependant Boundary 100,407.3 100,406.9 98,607.6
-Recharge 325,331.8 325,331.8 325,331.8
-Specified flows 54,530.0 54,530.0 54,530.0
Total Inflow| 1,328,360.0 1,448,915.6 | 1,637,135.1
Outflow components Values, malday
-Storage 320,550.40 413,756.09 547,674.06
-River leakage 718,346.43 747,635.12 800,617.87
-Head dependant Boundary |  283,710.34 283,710.34 285,081.22
Total outflow| 1,322,607.25 1,445,101.55 | 1,633,373.15
Inflow-Outflow 5,752.75 3,814.03 3,761.91

By facilitating the replenishment of aquifers, this approach mitigates the severe
fluctuations in water levels often attributed to over-extraction and ensures the
sustainability of groundwater resources during periods of drought. Comprehensive
analysis indicates that the strategic implementation of injection wells can significantly

improve the flow system within aquifers, effectively enhancing groundwater recharge
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rates. This, in turn, contributes to a more resilient water supply, vital for both agricultural

and urban needs, especially in regions prone to water scarcity.

In general, the calibrated model was subjected to various scenarios to assess the aquifer's
response to the imposed stresses, guiding future planning and management. Increasing
recharge by developing injection wells at strategically chosen locations would
significantly enhance the groundwater potential. While intensive groundwater extraction
is unlikely to impact the regional confined aquifer system, it does affect the unconfined
aquifer, particularly concerning water supply wells that draw from the unconfined aquifer
(with depths ranging from 50 to 80 meters) located near acidic volcanic barriers and
distanced from rivers or streams. Under these scenarios, the model indicates substantial
drawdown levels of 30 to 45 meters occurring after 4 to 5 years of continuous pumping.
Furthermore, the effect of drought was examined by imposing the 50 % reduced recharge
and specified flux values into the calibrated model, which reveals a significant impact not
only on the unconfined aquifer groundwater level decline but also a significant reduction

in outflow and enhancement in inflows.
5.8 Model Limitations

While this model provides valuable insights, it cannot perfectly replicate the complexity
of natural groundwater flow. Every effort was made to make this model as reliable as
possible, but certain factors can affect its accuracy. These are;
= No water supply well fully penetrated the regional confined aquifer (layer 3)
= Field head measurements are mostly taken right after well completion, before the
water level stabilizes. Flux values are derived from water level contours based on
this data, which may introduce errors.
= The absence of independently treated aquifer hydraulic properties due to the area's
complicated geological setting to accurate representation.
= The time (dry or wet), when the development of water supply wells and water
levels are measured can introduce errors into the model.
= The eastern and western parts of the area lack clearly defined aquifer types.

= Limitations in the availability of continuous groundwater level monitoring data.



6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

Over the past two decades, Ethiopia has prioritized the development of its groundwater
resources to stimulate economic growth, alleviate poverty, and address climate change.
The increasing demand driven by urbanization and population growth highlights the

necessity for a comprehensive scientific assessment.

The study area covers 9,200 kmz2, encompassing portions of the Upper Awash and Blue
Nile Basins, with elevations ranging from 2,050 to 2,850 meters. This region's distinctive
topographic variability is indicative of a complex geological history characterized by
processes such as topographic uplift, graben formation, and the establishment of
significant fault networks-oriented W-E, N-S, NE-SW, and NW-SE. These structural
features are crucial in determining the dynamics of groundwater flow in the area. As a
result, the geological configuration exhibits substantial spatial variation, which

significantly impacts hydrogeological processes and groundwater management strategies.

This study is focused on developing a comprehensive hydrogeological conceptual model
and a three-layer groundwater flow simulation for a portion of the Upper Awash Basin.
Its objective is to optimize water extraction while minimizing environmental impact. The
research adopts a multidisciplinary approach that incorporates geological, geophysical,
hydrometeorological, hydrological, hydrogeological, hydrogeochemical, and isotopic
methods. By integrating secondary data from prior studies with extensive field
investigations, the study identifies key aquifers, recharge zones, and the interactions

between groundwater and surface water.

The litho-stratigraphy of the area was established through geological mapping, analysis
of borehole logs, and geophysical surveys. A thorough examination of the pumping test
data identified the major aquifers and confining units present. Four primary
hydrogeological units were distinguished: superficial deposits (alluvial/ash) aquifers,
fractured Rift basalt aquifers, acidic rock functioning as an aquiclude, and a confined

scoriaceous basalt aquifer. The region's hydrogeology is influenced by its lithological



stratigraphy and tectonic activities. Groundwater generally flows southeast within both

unconfined and confined aquifers.

The recharge area of the identified aquifers is illustrated by their litho-hydrostratigraphic
setup, hydrogeochemical, and stable isotopic insights. As groundwater flows from NW
to SE direction, its hydrochemical facies evolve from CaHCO3 / CaMgHCOs3 to NaHCO3
water types, the Ca®*/Na* ratio gradually decreases, RA and TDS increase in general. The
results illustrate that recharge of superficial deposits and Rift basalt aquifers is from
modern precipitation and nearby streams/rivers through fractures, which is characterized
by mixed CaHCO3 or CaMgHCO;3 water types of low TDS (<200 mg/l), high Ca?*/Na*
ratio (>5), low RA (<2.0), enriched isotopic signature, and high deuterium excess (13.3).
The highland and transition areas are dominantly the recharge areas for the regional
confined scoriaceous basalt aquifer. These areas have high fracture density (0.96 < FD <
3.0 km/km?), mineralized NaHCO3 water type, high TDS (>468 mg/I), low Ca / Na ratio
(<1), high RA (>2.0), highly depleted isotopic signals, and low deuterium excess (<11)
relative to the Local Meteoric Water Line. The results also reveal groundwater flux from
the adjacent eastern flank of the Blue Nile Basin.

The combined results of environmental tracers (**’Rn, §%H, §'®0, and EC), BFI, and
lineament density are used to determine the inferred exchange between surface water and
groundwater. Thus, the primary effluent stretches are the headwater portions of both
basins, including regions that fall along the surface water divide between portions of the
Blue Nile and Upper Awash basins (??Rn values, 100 to 400 Bg/m?, very high mean
annual Baseflow index, BFI > 0.5, high lineament density, 0.9 < LD <3.0). The southern
and southeastern (outlet of PUAB) periphery has relatively very high 22?Rn values. 400 to
1467 Bg/m?®, and moderate lineament density. 0.35 < BFI < 0.5 is recognized as the
regional groundwater outlet zone. The river and streams from the central plain portion of
the Upper Awash Basin have little groundwater-surface water connection, which is
evidenced by relatively low ??2Rn (< 100 Bg/m?®) in both seasons and a low Baseflow
index (BFI < 0.35). Furthermore, evidence from analysis of measured electrical



conductivity and stable isotopes (520, 5°H) generally agrees with the observed ?*’Rn

value and Baseflow analysis.

For the analytical computation of the groundwater budget in the area, the groundwater
that reaches the southeastern outlet zone can be divided into two categories. seepage from
runoff and direct precipitation on the fractured basaltic and superficial deposits
(unconfined aquifer) and subsurface inflow from the northern, northwest, and
southwestern portions of the plateau and/or escarpment. The saturated zone groundwater
flux (recharge) is calculated using Darcy's method, essentially for a section of the Upper
Awash Basin. The classification is based on the areal extent of the central plain land
portion (numerically modeled) and the areal extent of the flux or subsurface inflow zone.
The recharge estimated for the seepage from runoff and direct precipitation by the WTF
method for the central plain land area to be modeled after multiplying by its area
coverage (3440 km?), results in 40.5 mm/y. Furthermore, subtracting 40.5 mm/y (WTF
method) and 6.9 mm/y (sub-surface inflow, Darcy method) combined as 47.4 mmly
(representing recharge for unconfined aquifer) from 106.6 mm/y (recharge estimated as a
total using the Darcy approach) becomes 59.23 mmly, for the subsurface regional

groundwater inflow from the plateau and/or escarpment for confined aquifer system.

A hydrogeological model for part of the Upper Awash Basin simulates a three-layer
aquifer system (unconfined, aquiclude, confined) under steady-state and predictive stress-
based scenario conditions. The confined aquifer is 350 m thick beneath 150 m of
unconfined and 100 m of confining layers. The 3,440 km2 model domain uses a 500 m by
500 m grid with 113,825 active cells. The model establishes no-flow boundaries on
multiple sides and at depths beyond 600 m. Groundwater enters from the northern
plateau/escarpment and exits southeast. It establishes baseline conditions for 2025 and
predicts the response of the aquifer system, like the drawdown, water budget, and

boundary conditions, through 2055 (30 years) for sustainable use.

Calibration used trial and error to match simulated and field data, achieving high
accuracy (RMS error: 9.16; mean residual: 0.81m; R2: 0.99). Water balance analysis

showed near-perfect agreement, with inflows and outflows balanced and a 0.001%



discrepancy, confirming the model's reliability. Sensitivity analysis reveals that the
unconfined aquifer is most affected by changes in hydraulic conductivity and recharge. In
contrast, the confined aquifer responds more to variations in hydraulic conductivity and
specified flux.

Using a calibrated steady-state model, multiple stress-based scenario simulations were
performed to examine the effects of drought alongside a hypothetical increase in well
withdrawals and injection, based on the model's initial conditions for head and the
steady-state calibration flux, with a simulation period of 11,320 days (30 years).
Furthermore, the response of the groundwater system is analyzed using representative

observation wells to assess the drawdown (Dd) as a function of exploitation time.

The first scenario simulation modeled drought by reducing recharge and flux by 50%.
The result shows that groundwater levels dropped by 25.8 meters in the unconfined
aquifer and 4.3 meters in the confined aquifer. Inflows increased through river leakage,
rising by 10.5%, and head-dependent flow by 2.5%. Outflows, however, declined
significantly. River leakage dropped by 19.2%, and general head boundary outflows
decreased by 43%.

The second and third scenarios simulate pumping 100 and 150 boreholes of each 50 I/s
over 30 years (2026-2055). In unconfined aquifers, drawdown reached 50 meters in the
second scenario and 85 meters in the third. However, observation wells represent the
regional confined aquifer system throughout the entire pumping duration of both
scenarios, demonstrating remarkably minimal drawdown, recording less than 2 meters for
the second scenario and only 4.2 meters for the third scenario. Groundwater outflow
through rivers decreased by 15.4% in the second scenario and 23.3% in the third, while
inflow increased by 12.8% and 16.13%, respectively. The fourth simulation introduced
50 hypothetical deep wells to inject water into the regional aquifer system. Injection rates
of 216,000 m3/day, 345,600 m3/day, and 518,400 m?/day led to groundwater level rises of
1.05m, 2.38 m, and 4.45 m at observation wells. Water balance analysis showed a 2.03%

increase in groundwater leakage to the river, while river-to-groundwater leakage dropped



by 4.7%. As injection rates increased, groundwater outflow to the river rose by 7.31%,

while river leakage into the groundwater decreased by 2.8%.

In general, the findings of this research build on previous studies, enhancing their
conclusions and providing more refined insights into the utilization of groundwater.
These results can directly support sustainable groundwater extraction, ensuring balanced
usage without overexploitation. Additionally, the model developed in this study can serve
as a framework for similar assessments in other wellfields, helping to establish effective

utilization of the resource.

6.2 Recommendations

To improve the understanding of the hydrogeological framework in complex systems like
the study area and to utilize the groundwater resource without environmental impact, it is
essential to make full use of existing records while also collecting new data that covers
both temporal and spatial aspects. Addressing the following key points will enhance

future groundwater studies, accompanied by sustainable use

= The findings of this study, supported by model simulation results, advocate for
sustainable extraction practices from the regional confined aquifer (layer 3) to
prevent significant environmental impacts. The study concludes that this aquifer
possesses the capacity to accommodate long-term water withdrawals while
maintaining groundwater level stability. Furthermore, the minimal environmental
impact indicates that crucial factors like recharge rates, river leakage, and the
overall water balance remain largely unaffected under these conditions. These
results offer essential guidance for water resource management, enabling
policymakers and stakeholders to implement responsible extraction strategies that
safeguard the aquifer's integrity for long-term use.

= Tracking groundwater levels and quality, alongside abstraction rates and river
discharge data, is essential for sustainable groundwater management. Regular
monitoring helps ensure resource stability, detect potential overuse or

contamination, and support effective long-term planning.



To improve groundwater management, a centralized national and regional
database should be established. This database would store and organize
groundwater data, helping track resource availability, monitor trends, and support
sustainable usage. It would enable better decision-making for water management,
research, and policy development.

Continuously update numerical models with real-time field data to improve their
accuracy and predictive capacity.

Strengthen regulatory frameworks and promote sustainable groundwater use

based on scientifically backed strategies.
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APPENDICES



Appendix 1. 22Rn, EC, and Temperature measurements during non-rainy season

Electrical Mean
No | ID Measurement sites Longitude Latitude Conductivity, ;I'emperature, 222Rn,
uS/cm ¢ Bg/m3
1 [ ENrREC1 | Main Awash River 404089 997852 235 23.6 354.7
2 | ENrREC2 | Upper Awash tributary 416186 995306 384 27.1 240.2
3 | ENrREC4 | Main Awash River 456505 962163 525 24.8 667
4 | ENrREC5 | Upper Awash tributary 433034 959184 677 23.2 465.1
5 | ENrREC6 | Main Awash River 417433 988934 267 223 53.1
6 | ENrREC7 | Upper Awash tributary 446133 1003882 275 18.8 91.1
7 | ENrREC8 | Upper Awash tributary 429166 997165 399 21.3 65.6
8 | ENrREC9 | Main Awash River 435097 978088 286 21 24
9 | ENrREC11 | Upper Awash tributary 445399 1008379 191 20.92 114
10 | ENrREC12 | Upper Awash tributary 445407 1005268 189 20.9 153
11 | ENrREC13 | Upper Awash tributary 445374 1004738 293 20.94 160
12 | ENrREC15 | Upper Awash tributary 446245 1002787 172 20.74 107
13 | ENrREC16 | Upper Awash tributary 446465 1001086 289 20.9 34.1
14 | ENrREC17 | Upper Awash tributary 445913 997622 285 20.86 40
15 | ENrREC20 | Upper Awash tributary 443118 995089 206 21.06 244
16 | ENrREC24 | Upper Awash tributary 445231 996952 173 20.75 17.1
17 | ENrREC26 | Upper Awash tributary 443517 1014536 287 20.88 269.2
18 | ENrREC27 | Upper Awash tributary 444339 1012018 286 20.87 385.4
19 | ENrREC28 | Upper Awash tributary 434517 1021884 293 20.94 40.2
20 | ENrREC29 | Upper Awash tributary 436105 1012425 285 20.86 51.6
21 | ENrREC30 | Muger tributary 458840 1028965 196 20.97 22.7
22 | ENrREC31 | Muger tributary 446718 1033658 255 2151 195
23 | ENrREC32 | Muger tributary 457556 1023901 293 20.94 203
24 | ENrREC33 | Muger tributary 456055 1020515 191 20.92 133
25 | ENrREC34 | Muger tributary 459274 1031367 201 21.01 485
26 | ENrREC35 | Muger tributary 458411 1027297 299 20.99 77.1
27 | ENrREC36 | Muger tributary 447579 1026018 298 20.98 215
28 | ENrREC37 | Muger tributary 453806 1018451 300 21 94
29 | ENrREC38 | Muger tributary 470173 1039641 355 22.43 218
30 | ENrREC39 | Muger tributary 470918 1028879 352 20.9 196
31 | ENrREC40 | Muger tributary 456078 1047291 186 21.79 20.7




Electrical Mean
No | ID Measurement sites Longitude Latitude Conductivity, ;I'emperature, 222Rn,

uS/cm ¢ Bg/m3
32 | ENrRECA41 | Muger tributary 469647 1047056 369 22.56 53
33 | ENrREC42 | Muger tributary 421045 1040594 142 20.12 22.83
34 | ENrREC43 | Main Awash River 417478 988970 363 195 80.8
35 | ENrREC44 | Main Awash River 435015 977947 317 19.7 28.6
36 | ENrREC45 | Main Awash River 443133 965791 580 19.8 273
37 | ENrREC48 | Upper Awash tributary 453984 976412 558 20.2 528.4
38 | ENrREC49 | Spring 400482 999171 627 25.9 318.7
39 | ENrREC50 | Spring 460900 976902 358 23.9 2498
40 | ENrRECS51 | Well 456231 962375 546 27.9 2049
41 | ENrREC52 | Well 433416 959506 609 211 660.2
42 | ENrREC53 | Spring 447864 1009140 228 21.26 300.5
43 | ENrREC54 | Spring 454700 995350 231 21.29 5736
44 | ENrRECS5 | Well 421795 1040108 224 335 1005

NB. Under ID field ENrREc or ER'REC represents. E-Author’s name first word, Nr-Non-rainy season, R*-rainy season, R-?2Rn,

EC-Electrical Conductivity)




Appendix 2. 22Rn, EC, and Temperature measurements during the rainy season

Electrical Mean
No | ID Water Source Longitude | Latitude Conductivity, ;I'emperature, 222Rn,
uS/cm ¢ Bg/m?
1| ER'/REC1 | Upper Awash tributary | 404089 097852 210 185 107
2 | ER'/REC2 | Upper Awash tributary | 416186 995306 170 17.2 61.8
3 | ER'REC3 | Main Awash River 456505 962163 260 21.9 467.8
4 | ER'REC4 | Upper Awash tributary | 433034 959184 270 218 387.3
5 | ER'REC5 | Main Awash River 417433 088934 160 195 323
6 | ER'REC6 | Upper Awash tributary | 446133 1003882 140 19.7 97.4
7 | ER'/REC7 | Upper Awash tributary | 429166 997165 158 17.5 429
8 | ER'REC8 | Main Awash River 435097 978088 110 19.1 28.6
9 | ER'/REC9 | Main Awash River 404171 997868 180 19 96.5
10 | ER'REC10 | Main Awash River 417478 988970 235 20 38.0
11 | ER'REC11 | Main Awash River 443133 965791 170 20.4 2.7
12 | ER*RECI12 | Upper Awash tributary | 460858 974217 140 24.8 210
13 | ER*REC13 | Upper Awash tributary | 426967 971988 120 217 36.1
14 | ER*REC14 | Upper Awash tributary | 440007 1001102 160 19.2 187
15 | ER*REC15 | Upper Awash tributary | 436106 1012816 140 212 82
NB. Under ID field ENrREc or ER"REC represents. E-Author’s name first word, Nr-Non-rainy season, R*-rainy season, R-2?Rn,

EC-Electrical Conductivity)




Appendix 3. Summarized lithology logs (Data source. WWDSE, 2008)

A. Representing Plateau and Escarpment
Inchini area (BHE10)

?:?g:: (mt)o Lithologic Description
0 146 | Fractured basalt
Holeta town (BHE11)
Depth (m) ) - —
From to Lithologic description
0 6 | Red topsoil

6 236 | Slightly fractured basalt
236 300 | Scoriaceous basalt

Holeta Sara Yimer Water Bottling PLC well (BHE7)

Depth (m) - . L
Erom | To Lithologic description
0 6 Reddish brown topsoil

6 52 | Tuff
52 96 | Weathered and moderately fractured basalt
96 98 | Paleosol
98 198 | Massive basalt
198 | 222 | Unwelded Tuff
222 | 406 | Slightly fractured basalt
406 | 426 | Scoriaceous basalt
426 | 654 | Highly fractured and altered Scoriaceous basalt

Ginchi Agriculture Centre Well (BHE2)

From | To | Lithological Description
0 12 | Topsoil
12 92 | Boulder, Gravel, and Pyroclastic deposit
92 156 | Basalt

156 | 246 | Scoriaceous basalt

Ginchi Kegga Beverages deep well (BHES)

Eri)pr;h (m)To Lithologic description

0 64 Topsoil, gravel, and Tuff

64 72 Weathered vesicular basalt

72 90 Fresh basalt

90 102 | Weathered and moderately fractured basalt

102 130 | Massive basalt

130 148 | Highly weathered and fractured basalt
148 160 | Massive basalt

160 194 | Welded tuff

194 208 | Ignimbrite

208 294 | Trachyte

294 502 | Scoriaceous basalt (altered)




B. Representing the Central plain portion of the Upper Awash Basin
Becho plain exploratory deep well (BHE19)

Depth (m) Lithologic description
From | To
0 42 Top Soil, Silty clayey gravel

42 74 Tuff

74 150 Massive basalt

150 250 | Trachyte and trachybasalt

250 348 | Slightly to moderately fractured Basalt

348 450 | Highly fractured and altered Scoriaceous basalt

Becho plain exploratory deep well (BHE23)

Depth, m . . .
Lithologic description

From To

0 26 Topsoil

26 100 Unwelded tuff

100 168 Slightly fractured basalt
168 248 Fresh to Slightly fractured trachyte
248 262 Moderately weathered and Fractured basalt

262 402 Highly fractured Scoriaceous basalt

Becho plain exploratory deep well (BHE25)

Depth (m) . . -
Lithologic description
From To
0 44 | Black cotton topsoil, silty clay, and loose tuff

44 150 | Slightly fractured Basalt

150 246 | Slightly fractured ignimbrite and Rhyolite
246 254 | Scoria

254 352 | Fractured Scoriaceous basalt

Becho plain exploratory deep well (BHE26)

Depth (m) Lithologic description
From | To
0 40 Topsoil and Silty sandy clay

40 152 | Slightly fractured Basalt

152 184 | Slightly fractured Rhyolite and Ignimbrite
184 186 | Welded Tuff

186 192 | Loose Tuff

192 196 | Welded Tuff

196 244 | Slightly fractured Rhyolite

244 250 | Loose Tuff

250 268 | Moderately fractured Rhyolite

268 436 | Highly fractured Scoriaceous basalt




Becho mapping well (BHE12)

Depth, m Lithologic description

From | to

0 2 Black topsoil

2 24 | Weathered tuff

24 154 | Moderately fractured Basalt
154 164 | Massive basalt

164 184 | Highly weathered ignimbrite
184 212 | Moderately weathered ignimbrite
212 224 | Pumice

224 225 | Paleosols

225 308 | Scoriaceous hasalt

Sebeta Meta Brewery well (BHE32)

Depth (m) . . .
From | to Lithologic description
0 2 Top dark brown clay soil
2 18 River deposit of boulders, gravel, and sands
18 26 Massive volcanic rock
26 42 Fractured basalt
156 163 | Massive basalt

Sebeta Meta Brewery well (BHE34)

Depth (m) . . -

From | To Lithologic description

0 22 | Top Unconsolidated Clay Formation

22 86 | Pyroclastic ash deposit

86 118 | Massive Basalt intercalated with fine ash deposit
118 130 | Scoria

130 | 201 | Fractured Scoriaceous Basalt




Appendix 4. Stable isotope data from previous works

o s o © Qg
o S (=)
£ L pd = - 2 ES a3 ] ] 20 g
i 5 = 2 | £5|B5 = | & 5.%x g3 | EsS
z 3 = 5 meE |23 % % 8T8 ol SEJ
1 | Derba town 463209 | 1038637 | 2398 | Dw | -11.33 | -328 | 137 | P BHT47
2 | Gimbichu town 472973 | 1062101 | 2640 | DW | 2029 | 397 | 10 | P | BHTS6
zagegn,
3 | Gonoyo 462806 | 1072054 | 2784 |pbw | -1302| -3 | 99 | P oL BHTS58
4 | Segnogebeya 453986 | 1025102 | 2591 | DW | -1415 | -422 | 18 | P BHT41
5 | Shino 420012 | 1030815 | 2606 | DW | 9.85 | 2.99 | 13 | P BHT108
6 | Segnogebe 455702 | 1027244 | 2585 | DW | -163 | -35 | 104 | P _ Ay3l
7 | Chancho 473819 | 1031909 | 2502 | DW | 212 | 41 | 101 | P Ya:ltbazrgizet Ay32
8 [ Inchini 421722 | 1040053 | 2447 | DW [ -148 | -36 [ 127 | P ) Ay33
9 | Bikate Shallw well | 435083 | 1016838 | 2560 | DW | -12.75 | -3.47 | 114 | P BHT112
10 | Moye goje 475578 | 1035082 | 2608 | SW | -7.3L | 2.75 | 137 | P BHT54
11 | Robe Gebeya 464387 | 1034248 | 2441 | SW | 7.2 | 27 | 134 | P BHT48
Sululta China Azagegn,
12 | Pod 473064 | 1016698 | 2558 | SW | 312 | 241 | 153 | P 2015 BHT86
13 | Werers 475154 | 1018844 | 2582 | SW | -2.42 | -1.64 | 101 | P BHT84
14 | 3.J.Kotar 472509 | 1012757 | 2590 | sw | -2 2 |13 P Ya:ltbazrg'l‘;t Ay28
15 | Sur 432020 | 1025151 | 2600 | SW | 68 | 25 | 123 | P BHT11L
16 | Ginchi China 401795 | 996642 | 2311 | DW | 953 | -3 | 134 | E BHT90
17 | Holota Ros 444475 | 998414 | 2273 | DW | -13.85 | -3.32 | 115 | E BHT102
18 | Mappingwellat | 4050 | 950670 | 2006 | DW | -27.07 | -539 | 141 | E | Azagegn, | BHT204
Melkakunture 2015
19 | Mark flower 449572 | 1002149 | 2476 | DW | -20.65 | 424 | 117 | E BHT103
20 | Tatek Mugher 460254 | 997269 | 2583 | DW | -1618 | 392 | 137 | E BHT118
21 | Wolenkomi 416279 | 995355 | 2139 | DW | -1042 | 2.95 | 121 | E BHT94
22 | Asgori well 420207 | 971573 | 2073 | DW | -23 5 [ 152 | E Ay66
23 | Awash melka 456307 | 962581 | 1994 | DW | -23 5 [ 152 | E AY67
24 | Asgori 427210 | 971573 | 2069 | DW | 28.7 | -49 | 87 | E Ay68
25 | Dimajalewa 413274 | 974205 | 2084 | DW | 267 | -49 | 107 | E | VYitbareket | Ay69
26 | Jawarokora 433511 | 950708 | 2094 | DW | -181 | -37 | 101 | E | al., 2012 [ Ay70
27 | Tefki 450472 | 981241 | 2067 | DW | -143 | 31 | 94 | E AyTL
28 | Melkakunture 456318 | 962383 | 1989 | DW | 249 | -46 | 102 | E Ay73
29 | kimoye 427491 | 992970 | 2084 | DW | 292 | 53 | 112 | E Ay74
30 | Holeta 448440 | 1001427 | 2393 | DW | -23.0 | 504 | 146 | E | . = | HWI
31 | Holeta 446117 | 990929 | 2246 | DW | -123 | 2.35 | 56 | E ’ HW2
32 | Holeta 440379 | 1006281 | 2509 | SW | -84 | 29 | 137 | E Ya:ltbazrgll‘;t Ay34
33 | Ginch BH 406143 | 996474 | 2198 | SW | -1 18 | 127 | E BHT161
34 | Gurjo gerjera 400131 | 090434 | 2156 | SW | -132 | 195 | 136 | E | , .. |BHT6A
35 | Kimoye 427131 | 996390 | 2137 | SW | 271 | -1.92 | 119 | E one [BHTI0L
36 | Koftu shallw well | 418798 | 988451 | 2078 | SW | 213 | 202 | 133 | E BHTL00
37 | Tita Maru 405640 | 970310 | 2175 | SW | -7.45 | -2.88 | 145 | E BHT165
38 | Holeta 440379 | 1006281 | 2509 | SW | -84 | 29 | 137 | E | MO | Ay
39 | Asgori area 418884 | 963344 | 2132 | SW | -10 | -2.85 | 1.7 | E | Azagegn, | BHTL2L
40 | Muger 434606 | 1052723 | 1673 | R | 576 | 019 | 72 | P 2015 RVTL
41 | Muger 458600 | 1028944 | 2533 | R | 94 | 251 | 101 | P MRL
42 | Muger 451485 | 1027273 | 2660 | R | -1.2 | -073 | 44 | P | Haily 2016] | MR2
43 | Muger 458689 | 1030535 | 2548 | R | 106 | 257 | 9 | P MRS




> g 5 73 g 2 %

£ L pd = - 2 ES a3 ] ] 20 g
. g = = e |25 = | & | 5.2 g5 EES
z 3 = 5 WE | 23 % % s2| £ a3 S E3
44 | Muger 457900 | 1027030 | 2563 | R | 98 | -269 | 107 | P MR6
45 | Muger 454540 | 1024628 | 2590 | R | -43 | -155 | 75 | P MR7
46 | Holeta 447638 | 1012559 | 2650 | R | 37 | -001 | 38 | P HR18
47 | Holeta 443517 | 1014536 | 2596 | R | 218 | 353 | 51 | P HR19
48 | Holeta 446596 | 1013226 | 2660 | R | 215 | 348 | 51 | P HR20
49 | Holeta 440295 | 1013053 | 2683 | R 7 154 | 48 | P HR21
50 | Holeta 439310 | 1010218 | 2588 | R | -39 | -1.37 | 66 | P HR22
51 | Muger 455762 | 1020665 | 2628 | R | -149 | -2.86 | 69 | P MR4
52 | Muger 463275 | 1038355 | 2397 | R | 92 | -1.78 | 44 | P MR9
53 | Muger 464619 | 1033828 | 2449 | R | 0.8 | -0.62 | 39 | P MR10
54 | Muger 456078 | 1047291 | 1491 | R | -48 | 023 | -3 | P MRLL
55 | Muger 462392 | 1041185 | 2373 | R | 05 | -043 | 38 | P MRL12
56 | Baka 420268 | 1022766 | 2776 | S | 031 | 213 | 159 | P SPT26
57 | Biriti 418000 | 1079000 | 2509 | S | 6.69 | -2.49 | 123 | P SPT25
58 | Burke Gebero 459525 | 1066280 | 2603 | S | -1656 | -3.19 | 7.8 | P SPT18
59 | Daleti 454415 | 1063647 | 2569 | S | -10.33 | -3.41 | 134 | P SPT132
60 | Eka Gogna 470338 | 1035426 | 2549 S 916 | 314 | 148 | P Azagegn, | spT16
61 | Muger cement 431391 | 1048275 | 2259 | S | 416 | 2.6 | 131 | P 2015 SPT28
62 | Muger 426391 | 1042935 | 2513 | s | 37 | 207 | 121 | P SPT135
g3 | Awash river at 458564 | 960032 | 1892 | R | -076 | 112 | 78 | E RVT4

MelkaKunture

64 | Awash 404143 | 997941 | 2227 | R 2 1 |96 | E Y;fbazrg'l‘za Ay13
65 | Holeta 445374 | 1004738 | 2374 | R | 28 | 132 | 73 | E HR4
66 | Holeta 446465 | 1001086 | 2357 | R | 31 | -114 | 56 | E HR?
67 | Holeta 445013 | 997622 | 2210 | R | 0.2 | -0.88 | 69 | E HRS
68 | Holeta 452911 | 1000512 | 2494 | R | 48 | -1.89 | 96 | E HRY
69 | Holeta 454221 | 999759 | 2509 | R | -11 | -313 | 129 | E HR10
70 | Holeta 443118 | 995089 | 2190 | R | 45 | -1.72 | 86 | E _ HRLL
71 | Holeta 433043 | 995231 | 2126 | R | -1.9 | -1.06 | 62 | E | Malw2016 Frppn
72 | Holeta 435104 | 989707 | 2071 | R | 43 | -06L | 9 E HR13
73 | Holeta 434980 | 998207 | 2240 | R | 48 | -1.01 | 125 | E HR14
74 | Holeta 446492 | 995599 | 2235 | R | 48 | 22 | 12 | E HR15
75 | Holeta 445800 | 987801 | 2146 | R | 82 | 247 | 106 | E HR16
76 | Holeta 445231 | 996952 | 2220 | R | 0.7 | -1.22 | 86 | E HR17
77 | Boda 390152 | 978471 | 2667 | S | 9.3 | 339 | 166 | E | Azagegn, | SPT57
78 | Tulubolo town 412199 | 957215 | 2176 | S | -10.78 | -38.72 | 176 | E 2015 KSP9
79 | Roge sp 45702 | 981375 | 205 | s | 23 | 5 | 152 | E | VIPEHKE Ay
80 | HS2 454700 | 995350 | 2670 | S | 56 | -251 | 186 | E | .. 0. | HS2
81 | HS3 446601 | 987634 | 2167 | S | 7.4 | 2.08 | 85 | E ’ HS3

N.B. DW-Deep well, SW-Shallow well, R-River, S-Spring, P-Plateau, E-Escarpment




Appendix 5. Boreholes data

S @ c IS 2 § ) 2 03
5 £=3% i £ | 2 - o5 E 5 E (<} 2 2.8 E o
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1 BHE1 GWH#1 401157 996412 302 24.5 314 6.9 17 69.4 25
2 | BHE2 GW#2 401801 | 996640 246 312 66.4 35.2 20 29.5 0.6
3 BHE3 GWH#3 401587 997298 302 215 27.6 6.1 26.6 207 4.4
4 | BHE4 GWi#4 400975 | 997008 302 19 28.7 9.7 28 205 29
5 BHES BTPW-1 400575 997156 2284 502 8.5 72.6 64.1 88 252 14
6 | BHE6 SPW-1 446356 | 1005421 | 2408 400 9 95 85.6 31.8 147 04
7 | BHE? SPW-2 446347 | 1002761 | 2388 654 53 241.3 188 20 19 0.1
8 BHES8 National Biotech 445556 1001719 | 2355 400 59.6 171.8 112.5 2 1 0.02
9 | BHE9 Sara coffee 446296 | 1002676 | 2380 | 308.6 18.3 245.3 221.7 3 24 0.014
10 | BHE10 [ AMW1 421795 | 1040108 | 2457 | 146 18.1 27.95 9.85 16 109 16
11 | BHELL | AMW2 440274 | 1006055 | 2525 | 300 12.33 375 25.17 355 754 141
13 | BHE12 AMW3 427126 971361 2075 308 4.2 7.86 3.66 35.5 994 9.7
14 | BHE13 AMW4 456314 962592 2014 290 Artesian 2.65 2.65 355 1350 13.4
15 | BHE14 | AMW14 450359 | 981037 | 2084 | 280 11 30.95 41.95 19 667 045
16 | BHE15 AMW18 433200 959670 2111 194 Artesian 16.86 16.86 19.2 150 1.13
17 | BHE16 | AMW20 413137 | 973900 | 2090 311 8.5 26.88 35.38 16.74 58.8 0.47
18 | BHE17 AMW26 427395 992768 2109 243 4 32.35 36.35 17.47 46.1 0.48
19 | BHE18 | BTW1 418679 | 988365 | 2082 445 (+)1 Artesian 125.45 95 62.05 76.9 0.65
20 | BHE19 | BTW2 423439 | 988990 | 2077 450 (+)1 Artesian 107.22 743 34.05 46.9 0.46
21 | BHE20 BTW3 420071 983317 2071 350 3.2 73.72 54.8 19.12 45.9 0.35
22 | BHE21 BTW4 411777 989671 2119 250 25.83 31.75 4.71 56 589 11.89
23 | BHE22 | BTW5 411189 | 983944 | 2091 301 (+0.53) Artesian 100.25 100.78 38.58 61.9 0.35
24 | BHE23 BPW-02 426873 970945 2082 402 0.3 44.74 44.44 98 312 2.21
25 | BHE24 | BPW-03 426362 | 969316 | 2018 420 0.6 36.66 36.06 84.3 583 2.34
26 | BHE25 BPW-012 454868 963109 352 3.3 10.17 6.87 63.4 1240 9.3
27 | BHE26 | BPW-018 450887 | 981258 | 1841 436 12.17 34.96 22.79 58 312 2.54
28 | BHE27 STTW-01 438871 977181 2053 443 12.65 58.72 46.07 41 31 0.88
29 | BHE28 STTW-02 447224 978514 2055 440 13.44 99.47 86.03 20 32.1 0.23
30 | BHE29 | STTW-03 449082 | 980399 | 2066 440 10.67 104.38 93.68 13.12 26.4 0.14
31 | BHE30 APW-013 433672 1023691 602 45.9 181.36 135.46 9 7.7 0.07
32 | BHE31 | Sebeta Meta Abo Community well 455282 984682 | 2152 135 74.1 78.06 3.96 7.5 875 1.89
33 | BHE32 Meta Abo Brew well #11 455255 985646 2197 163 25.6 81.33 55.73 13.2 27.9 0.24
34 | BHE33 | Meta Abo Brew well #12 455342 | 985531 | 2206 185 33.95 126.92 92.97 12 6.23 0.13
35 | BHE34 Meta Abo Brew well #13 455470 984876 2175 201 104.56 128 23.44 35 10 0.15
36 | BHE35 | STTW4 445565 | 983665 | 2088 550 54
37 | BHE36 | STTW5 450949 | 1000247 186 Artesian No pumping test data
38 | BHE37 STTW6 427193 976742 500 Artesian
39 | BHE38 | STTW9 431873 | 978996 500 Artesian
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40 | BHE39 | STTWIO 422802 | 976337 500 Artesian
41 | BHE40 | Adbh0153 447200 | 998889 | 2290 | 126 45.4 14 03
42 | BHE4L | AdBhO156 453522 | 1001474 | 2562 | 1153 57.8 13 14.6 11.6
43 | BHE42 | AdBh0182 378447 | 991365 | 2189 | 130 32.9 83.9 51 2 0
44 | BHE43 | AdBh0187 404656 | 997733 | 2235 | 81 215 422 20.7 35 No pump test 0.2
45 | BHE44 | AdBh0193 434015 | 1000129 | 2554 | 147 48 74.7 69.9 15 data 0
46 | BHE45 | AdBh0194 440110 | 1001337 | 2419 | 153 36.6 136.7 100.1 15 0
47 | BHE46 | AdBh0198 461930 | 970844 | 2201 | 1832 1444 146 16 23 14
48 | BHE47 | AdBh0217 450928 | 941554 | 2175 | 134 77.9 1031 25.2 25 8.6 0.1
49 | BHE48 | AdBh0247 463635 | 988675 | 2296 | 83 26.8 36.1 9.2 0.4
50 | BHE49 | AdBh0249 455450 | 983014 | 2110 | 120 146 54 39.4 6.6 0.2
51 | BHES0 | AdBh0250 455426 | 982736 | 2099 | 150 16.3 83.2 66.8 54 01
52 | BHE5L | AdBh0255 444624 | 978143 | 2074 | 654 9.6 54.6 45 038 0.02
53 | BHE52 | AdBh0281 463286 | 1038986 | 2420 | 78 42 103 6.1 32 05
54 | BHE53 | AdBh0283 473871 | 1024156 | 2605 | 15 6 11 5 2 0.4
55 | BHE54 | AdBh0300 442842 | 977555 | 2074 | 100 14.2 66.4 52.2 34 0.1
56 | BHES5 | AdBh0314 404050 | 980200 | 2150 | 985 10 14.4 45 8 18
57 | BHE56 | AdBh0318 407400 | 972711 | 2140 | 172 195 33 136 4 © 03
58 | BHE57 | AdBh0328 463599 | 988583 | 2283 | 130 195 245 5 4 5 0.8
59 | BHE58 | AdBh0339 436160 | 1000453 | 2370 | 153 36.6 136.7 100.1 15 3 0.01
60 | BHE59 | AdBh0340 435382 | 1000251 | 2358 | 206 9.9 31 212 7.9 o 0.4
61 | BHE6O | AdBh0357 445180 | 1002459 | 2393 | 101 233 38.1 14.8 35 = 0.2
62 | BHE6L | AdBh0362 432432 | 1024464 | 2598 | 161 115 1166 105.1 25 £ 0
63 | BHE62 | AdBh0426 440595 | 1000333 | 2374 | 170 8L5 922 107 7.4 o 0.7
64 | BHE63 | AdBh0428 402350 | 951544 | 2440 | 60 26.7 431 16.4 02 z 0.01
65 | BHE64 | AdBh0429 393964 | 957477 | 2497 | 613 39.1 477 8.6 01 0.02
66 | BHE65 | AdBh0430 397276 | 954511 | 2400 | 613 175 54 36.6 0.6 0.02
67 | BHE66 | AdBh0431 397540 | 953574 | 2393 | 60 17.9 52.8 34.9 02 0
68 | BHE67 | AdBh0432 396861 | 952816 | 2380 | 36 205 24.7 42 22 05
69 | BHE68 | AdBh0434 400409 | 954207 | 2379 | 48 216 26.2 47 4 0.9
70 | BHE69 | AdBh0435 398901 | 951499 | 2402 | 60 244 455 21 13 01
71 | BHE70 | AdBh0437 394200 | 944338 | 2207 | 62 36.5 54.9 18.4 02 0
72 | BHE7L | AdBh0444 424000 | 952736 | 2169 | 112 54 50.4 45 10 0.2
73 | BHE72 | AdBh0527A 463600 | 988200 | 2280 | 64 275 336 6.1 3 50.99 05
74 | BHE73 | AdBh0723 455000 | 985200 | 2200 | 126 50.9 84.7 338 35 10.72 01
75 | BHE74 | AdBh0751 463700 | 988500 | 2280 | 130 19 245 55 4 75.4 0.7
76 | BHE75 | AdBh0889 455300 | 985250 | 2218 | 101 375 55.3 178 45 25.92 03
77 | BHE76 | AdBh0891 455550 | 983750 | 2138 | 181 46.8 717 24.9 4 16.64 0.2
78 | BHE77 | AdBh0892 444000 | 977700 | 2055 | 100 17.1 1138 96.7 04 043 0
79 | BHE78 | AdBh0895 460850 | 985850 | 2260 | 106 43 45.8 238 65 240.69 23
80 | BHE79 | AdBh0896 460500 | 986500 | 2285 | 100 271 44 16.9 9.1 55.89 05
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81 | BHESO | AdBh0981 460121 | 985966 | 2239 | 120 39.7 437 4 6.7 173.76 17
82 | BHESL | AdBh1037 457030 | 984617 | 2200 | 140 _ 107 185 5 28.02 03
83 | BHE82 | AdBh1059 472975 | 1011144 | 2650 | 114 1.7 224 10.7 22 21.32 0.2
84 | BHE83 | AdBh1103 462260 | 984901 | 2294 | 180 82.8 100 173 6.7 No pumping 0.4
85 | BHE84 | AdBh1152 460295 | 986769 | 2222 | 158 31 81 50 17 test data 03
86 | BHES5 | AdBh1153 447549 | 1007893 | 2520 | 203 245 8 4 2 350 05
86 | BHE86 | AdBh0190 427193 | 994953 | 2145 | 0 2 _ _ _ _
87 | BHES7 | AdBh0191 427164 | 996290 | 2158 | 37
88 | BHE88 | AdBh0196 460810 | 981473 | 2228 | 102 67.1 _ _ 4 _
89 | BHE89 | AdBh0197 460464 | 974637 | 2101 | 611 38.14 _ _ 35 _
90 | BHE90 | AdBh0199 456740 | 962388 | 2007 | 39 3
91 | BHE91 | AdBh0200 454852 | 962780 | 2009 | 56 2 _ _ 38 _
92 | BHE92 | AdBh0202 455040 | 956408 | 2103 | 170
93 | BHE93 | AdBh0204 451500 | 954524 | 2118 | 156 _ _ _ _ _
94 | BHE94 | AdBh0207 444924 | 954222 | 2260 | 184 4
95 | BHE95 | AdBh0208 448328 | 957872 | 2142 | 139 85.4 325
96 | BHE96 | AdBh0212 444245 | 956023 | 2220 | 158 96.38 _ _ 2 _
97 | BHE97 | Adbh0213 451681 | 958830 | 2123 | 120.75
98 | BHE98 | AdBh0249 455450 | 983014 | 2110 | 120 14.56 53.95 39.39 6.6 017
99 | BHE99 | AdBh0253 453850 | 973096 | 2065 | 59 56.3
100 | BHE100 | AdBh0254 451420 | 971692 | 2083 | 60 57.92 _
101 | BHE101 | AdBh0255 444624 | 978143 | 2074 | 654 9.6 54,55 44.95 0.75
102 | BHE102 | AdBh0256 445643 | 973409 | 2132 | 1418
103 | BHE103 | AdBh0257 445354 | 969451 | 2100 | 71.25 39 No pumping
104 | BHE104 | AdBh0258 445144 | 969045 | 2087 | 855 45 test data
105 | BHE105 | AdBh0259 453538 | 982154 | 2087 | 80 8
106 | BHE106 | AdBh0301 442811 | 977625 | 2073 | 179 9.9
107 | BHE107 | AdBh0312 408475 | 952876 | 2280 | 50 10
108 | BHE108 | AdBh0313 407460 | 953526 | 2288 | 36 9
109 | BHE109 | AdBh0315 404051 | 980357 | 2150 | 83 3.8
110 | BHE110 | AdBh0316 401219 | 985083 | 2130 | 50
111 | BHE111 | AdBh0322 432820 | 969800 | 2100 | 50
112 | BHEL12 | AdBh0323 447966 | 980422 | 2070 | 80 53.88
113 | BHE113 | AdBh0334 427635 | 994816 | 2132 | 125 7 15
114 | BHE114 | AdBh0335 429252 | 993949 | 2115 | 45 15
115 | BHE115 | AdBh0337 429529 | 987244 | 2075 | 37
116 | BHE116 | AdBh0338 433722 | 996293 | 2167 | 50
117 | BHE117 | AdBh0341 416945 | 988222 | 2101 | 49.2
118 | BHE118 | AdBh0346 435088 | 973764 | 2078 | 50
119 | BHE119 | AdBh0397 415254 | 939047 | 2399 | 47
120 | BHE120 | AdBh0398 412826 | 949736 | 2274 | 50
121 | BHE121 | AdBh0399 424094 | 968971 | 2104 | 24 22
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122 | BHE122 | AdBh0400 428566 961644 | 2141 24 215 _ _ _ _
123 | BHE123 | AdBh0402 409122 975187 | 2106 15 14
124 | BHE124 | AdBh0403 415528 977263 | 2079 7.5 6.5 _ _ _ _
125 | BHE125 | AdBh0404 416140 977209 | 2079 7.5 6.5
126 | BHE126 | AdBh0405 415715 976666 | 2076 6.5 55 _ _ _ _
127 | BHE127 | AdBh0406 418707 974898 | 2082 12 10 _ _ _ _
128 | BHE128 | AdBh0407 423375 973439 | 2093 19.5 18.5
129 | BHE129 | AdBh0408 441366 | 977899 | 2070 10 8 B B -~ -~
130 | BHE130 | AdBh0409 441901 981393 | 2074 7 55
131 | BHE131 | AdBh0410 441831 | 983807 | 2090 50 6 ~ B ~ -~
132 | BHE132 | AdBh0725 445000 978200 | 2060 120
133 | BHE133 | AdBh0739 461900 974300 | 2120 - 38.1 38.1 0.6
134 | BHE134 | AdBh0740 451900 | 983000 | 2140 40 -~ -~ B 6.3 -~
135 | BHE135 | AdBh0890 455525 984000 | 2140 124 63.3
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Appendix 6. Water chemistr

<

data

& w zZ g - € g') g + ) a @

3] =% - - D wn + + © , ~ S I3 Q T @ o O
% 50 Z 2 8<| % s @ o Z| 2| ¢ 9| o] 8 3 ' S| g| & § ES| 85
n &= = [ > o £ L = o zZ X S O O L o > o <] e 3

8 =) 5 e g & J = I ) a s = =3
1 BHE2 401801 996640 2311.6 246 552 352 7.6 37 6.7 12 14.4 356.2 2.8 0.7 4.2 0.5 4.2 240 fﬁ:‘gg_ BH
2 BHEG6 446356 1005421 2390.8 400 32 315 173 8.3 57 2.6 11.8 15 150.7 8 1 2 0.1 2 35.8 Na-HCO3 BH
3 BHE7 446347 1002761 2371.6 654 34 397 218 9.1 81 2.8 6.7 4.5 119.5 18.9 2.7 8.4 1 8.4 35.4 Na-HCO3 | BH
4 | BHE8 | 445556 | 1001719 | 23559 | 400 | 25 | 397 | 219 | 83 | 61 | 19 | 155 | 7 | 1251 | 123 | 05 | 17.1 | 79 | ey | e
5 BHE11 440274 1006055 | 2504.2 300 23 260 162 9 53 1 4.4 0.5 113.1 13.4 0.5 0.5 0.3 0.5 13.2 Na-HCO3 | BH
6 | BHE12 | 427126 | 971361 | 2064.4 | 308 | 23 | 229 | 142 | 84 | 27 | 21 | 193 | 56 | 1172 | 48 | 03 | 58 | 04 |58 | 71.3 | jesd | en
7 | BHE13 | 456314 | 962592 | 1995 | 290 | 30 | 534 | 360 | 7.2 | 44 | 107 | 686 | 103 | 3397 | 86 | 13 | 32 | 07 |32 | 2134 | ZN | en
8 | BHE14 | 450350 | 981037 | 20751 | 280 | 26 | 487 | 312 | 76 | 49 | 54 | 546 | 43 | 2555 [ 134 | 11 | 75 | 53 |75 | 154 | S&0e | e
9 | BHEL5 | 433200 | 959670 | 2096 | 194 | 23 | 605 | 404 | 73 | 52 | 8 | 75 | 133 | 4458 | 99 | 13 | 09 | 17 |09 | 2436 | 5o | e
10 BHE16 413137 973900 2072.1 311 27 822 540 7.6 69 13.5 94.1 21.4 588.5 4.1 2.4 1.7 7.1 1.7 323.4 ﬁégg BH
11 | BHEL7 | 427395 | 992768 | 20777 | 243 | 20 | 430 | 282 | 88 | 102 | 13 | 126 | 34 | 1586 348 | 1 | 156 | 58 | ' Ne o | B
12 BHE18 418679 988365 2077 445 37 945 572 8.4 216 49 9.1 7.3 491.2 41.9 19 13.4 1.1 12' 53.2 Na-HCO3 BH
13 | BHEL9 | 423430 | 988990 | 20619 | 450 | 34 | 555 [ 350 | 83 | 120 | 3 | 12 | 53 | 2342 | 56 | 1 | 189 | 05 | 5| 52 | N5 | e
14 BHE?20 420071 983317 2061.5 350 33 776 466 7.4 142 12.7 11.2 4.8 362.3 50.2 1.2 3.6 0.3 3.6 48 Na-HCO3 BH
15 BHE22 411189 983944 2082 301 39 655 420 7.6 107 12.8 14.4 6.9 341.6 15.1 0.7 41.8 0.3 481' 64.8 Na-HCO3 | BH
16 | BHE23 | 426873 | 970945 | 2054 | 402 | 38 | 920 | 600 | 87 | 166 | 275 | 23 | 55 | 2782 | 70 | 11 | 667 | 03 | °% | 805 | N | e
17 BHE?24 426362 969316 2064.6 420 40 953 628 7.2 160 21 19 4.1 380.2 62.5 12 70.3 1.9 7:?' 64.6 Na-HCO3 BH
18 | BHE25 | 454868 | 963100 | 19913 | 352 | 30 | 521 | 322 | 69 | 46 | 11 | 592 | 86 | 3221 | 73 | 07 | 53 | 37 |53 | 184 | &N | eu
19 BHE?26 450887 981258 2074.4 436 25 405 230 7 26.5 5.9 59.2 19 253.8 3.6 0.7 0.1 4.4 0.1 156 gacg‘g BH
20 BHE27 438871 977181 2044 443 35 658 392 7.9 130 5.1 6.1 2.7 233.1 69.2 0.9 36.8 0.6 386' 26.6 H?Z-O}CI BH

Na-Ca-
21 BHE28 447224 978514 2051.1 440 28 590 383 7.1 91 8.7 36.8 8.8 2295 | 428 0.7 72.5 0.8 752' 128.8 | HCO3- BH
S04

22 BHE?29 449082 980399 2059.6 440 30 490 322 7.2 83 8.1 29.6 6.4 259.6 23.7 0.9 17.6 2.8 ]g' 100.7 H?:gg BH
23 BHE30 433672 1023691 2563.9 602 28 242 156 8.8 425 0.7 7.6 2.7 61 5.7 0.5 7.2 129 | 7.2 30.4 Na-HCO3 | BH
24 | BHE32 | 455255 | 985646 | 21857 | 163 256 | 160 | 66 | 13 | 61 | 365 | 7.8 | 1659 | 64 | 06 | 16 | 08 | 16 | 1235 | =MI | pu
25 | BHE34 | 455470 | 984876 | 21695 | 201 317 | 204 | 69 | 305 | 38 | 416 | 62 | 2098 | 46 | 06 | 16 | L1 | 16 | 130 | caN | eu
26 BHE40 447200 998889 2273.7 126 225 146 7.9 24.5 2 24.9 3.8 138.3 5.8 0 1.3 10 1.3 77.7 gac(’_'\)lg BH
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17} s = = o S < =4 c =3 o v < =2 o O [Th o] o o] ° T X | © 3

¢ R LA A i °l = 2 a1 2| % 8| 37|55
27 BHE41 453522 | 1001474 | 2549.9 | 1153 | 18.1 | 206 144 7.7 7.6 1.8 29.4 7 133.2 3.8 0 1.3 4.8 1.3 | 102.1 ﬁzgﬂf BH
28 BHES0 455426 982736 2085 150 21 422 273 6.7 17 4.2 68.3 9.4 2184 | 438 0.4 1.3 105 | 1.3 | 208.8 | Ca-HCO3 | BH
29 BHES51 444624 978143 2048.1 65.4 235 | 726 | 455 7.4 116 6.6 36.4 6.1 3459 | 56.6 3.6 15.6 48 15' 115.8 Hé'gg:cl BH
30 BHE73 455000 985200 2202.4 126 - 191 117 7.7 23.8 24.1 3.9 122 14.2 - - 9.3 - 76 Sac"gg' BH
31 BHE74 463700 988500 2249.6 130 - 336 85 19.7 | 49 60.1 | 158 | 256.2 | 10.6 1 - 6.5 - 251 E@gﬂg' BH
32 BHE75 455300 985250 2162.1 101 21.6 139 7.3 14 6.6 20 46 122 7.1 0.7 - 0.1 - 69 Mgé:;_ BH
33 BHE78 460850 985850 2240.1 106 244 159 6.7 16 31 288 | 48 1415 3.9 18 14 1.8 92 ﬁf;gg' BH
34 BHES86 401886 996858 2303.4 NK 229 | 597 329 7.4 33 6.5 60.1 1.2 409.9 6 0.6 11.8 0.4 1;" 250.5 ﬁac_gg' BH
35 BHE87 456231 962375 1982.5 NK 279 | 547 301 7.1 48 11 46.1 | 0.9 3715 | 109 1 8.3 06 | 83 | 191.9 ﬁégg BH
36 BHES88 431706 960084 21139 NK 22.6 | 586 322 6.8 21 5 62.5 1.2 3331 | 159 1.8 13.8 48 1:' 260.6 | Ca-HCO3 | BH
37 BHES89 427340 971039 2056.4 NK - 428 235 6.9 118 | 48 | 485 | 09 294.6 2 1.2 24 04 | 24 202 Ca-HCO3 | BH
38 BHE90 415762 959878 2149.5 NK 22 474 261 6.8 17 1.6 | 499 1 3074 1 0.8 3 1.6 3 208.1 | CaHCO3 | BH
39 BHE91 427981 973260 2078 NK 224 | 755 | 415 7.2 125 3 301 | 06 4227 | 37.8 1.8 1.6 9.9 1.6 | 125.2 | Na-HCO3 | BH
40 BHE92 416268 995349 2138.9 NK 24.2 | 509 280 7.5 68 31 315 | 06 3203 | 139 2.6 14.7 0.3 174' 131.3 Hég; BH
41 BHE93 463033 985920 2277 NK 216 | 428 236 7.9 195 | 47 | 456 | 0.9 299.8 3 0.7 33 04 | 3.3 | 189.9 ﬁi{gg' BH
42 BHE94 448785 980205 2058.7 NK 23.3 | 509 280 6.9 18 1.8 58.2 11 315.1 | 13.9 1 5.6 41 | 56 | 2424 | caHCO3 | BH
43 BHE95 422250 967800 2088.7 NK 27 633 348 7.1 55 28 | 46.1 | 0.9 409.9 1 1.2 34 04 | 34 | 1919 Hggg' BH
44 BHE96 418082 962641 2133 NK 249 | 548 301 7 43 125 | 49.9 1 397.1 1.2 52 05 | 52 | 2081 ﬁi{g‘g' BH
45 BHEQ7 406956 955338 2281 NK 235 | 633 | 348 6.7 26 104 | 61.1 1.2 420.2 0.9 2.6 04 | 2.6 | 2545 | CaHCO3 | BH
46 BHE98 403914 954147 2388.8 NK 205 | 236 130 6 75 41 223 | 04 58.9 239 0.1 15.3 17.3 13?' 929 gac-os-a BH
47 BHE99 427748 995043 2107.4 NK ) 606 33 7.3 60 71 | 485 | 09 358.7 | 32.8 0.5 21.9 0.5 2;" 202 ué—gg' BH
48 BHE100 425776 989648 2070.4 NK - 639 | 351 7.2 60 4 58.2 11 461.2 | 10.9 0.9 9.5 04 | 95 | 2424 E{Egg' BH
49 BHE101 448532 | 1008047 | 2510.2 50 20 258 174 6.3 6 14 | 445 | 49 117.9 7.8 0 6 25 6 131 Ca-HCO3 | BH
50 BHE102 449177 | 1002158 | 2452.2 0 - 146 88 8.3 19 14 12.2 1.6 79.3 1 0 18 0.8 1.8 369 uac'gg' BH
51 BHE103 445773 | 1001323 | 2380.1 74.5 - 8 9.5 18 | 321 | 185 | 196.2 | 11.3 1 0 14.9 0 156 ﬁgg"\,’g_ BH
52 BHE104 441584 | 1003445 2446 50 - 263 170 7.1 6.6 15 | 46.3 7.6 179.3 1 0 0.5 7 0.5 | 146.5 | caHCO3 | BH
53 BHE105 439632 993521 2180.6 39 - 447 300 7.1 9.6 1.8 783 | 124 | 256.2 5.8 0 7.4 233 | 74 | 2464 | caHco3 | BH
54 BHE106 404656 997733 2230.3 81 215 | 663 | 434 7.7 12 2.3 114 | 15.1 | 3843 | 155 0 9 25 9 346.3 | Ca-HCO3 | BH
55 BHE107 460464 974637 2081 61.1 20 376 236 7.1 15.5 1.8 47 138 | 226.5 5.8 2.6 0.6 115 | 06 | 173.6 ﬁ%‘gﬂf" BH
56 BHE108 456740 962388 1996.6 39 21 510 | 350 7.2 42 9.8 62.8 9.4 333.1 6.7 1.3 2.6 75 | 26 | 195.2 | CaNa- BH
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2085 | S| 5| EE| B E| G| FlFl 28| ° 8] 2] 5| 3758
HCO3
57 BHE109 451590 954524 2103.4 156 20 430 280 7.2 20 11 505 | 148 | 27338 7.7 16 0.6 115 | 0.6 | 186.6 ﬁ%g‘; BH
58 BHE110 | 444924 954222 2237.3 184 217 | 546 | 372 7 28 72 | 819 | 132 | 296.1 6.7 1 0.5 10.7 | 0.5 | 258.8 Sacgg BH
59 BHE111 459658 946538 21145 103 20 378 258 85 32 9.5 44.6 7.2 217.6 2.9 11 0.8 3.2 0.8 | 140.7 ﬁzgg BH
60 BHE112 462875 950361 2055.4 187 20 383 | 250 7.8 28 9.9 | 418 9 238.9 5.8 14 0.3 5 03 | 1411 Sacgg BH
61 BHE113 462554 944481 2097 127 20 400 280 7.6 27 8.2 52.8 9.4 276.7 3.8 1.8 0.3 3 0.3 | 170.3 ﬁf;gg BH
62 | BHE114 | 466690 | 976790 | 2060.8 | 93 | 20 | 588 | 376 | 74 | 67 | 95 | 418 | 138 | 2663 | 202 | 08 | 173 | 325 137 " | 1606 | Necs BH
63 | BHEL15 | 464607 | 973547 | 21232 | 135 | 20 | 507 | 312 | 7.8 | 20 | 61 | 687 | 175 [ 3161 | 38 | 12 | 06 | 85 | 06 | 243 | oy | en
64 BHE116 466662 970715 2043 148 20 427 276 7.3 24 6.1 67.3 6.1 284.4 5.8 0.8 13 7 1.3 | 1929 ﬁacglg BH
65 BHE117 445643 973409 21069 | 141.8 - 333 219 7.1 17 42 50 8.3 235.7 2.9 0.8 05 75 0.5 | 158.9 | Ca-HCO3 | BH
66 BHE118 471304 1027754 | 2546.5 65 20 257 146 6.5 20.5 0.9 32.2 42 154.3 1.9 0 0.8 2.9 0.8 97.7 ﬁacglg BH
67 BHE119 463742 985378 2346.2 125 - 7.9 20.4 4 56.1 9.7 268.4 7.1 0.7 - - - 180 Ca-HCO3 | BH
68 BHE120 393191 944399 2150.3 46.9 405 | 741 488 7.4 147 8.6 114 11 438.1 | 11.3 6.1 7.2 0.3 7.2 33 Na-HCO3 | BH
69 | BHE121 | 482263 | 1038145 | 25588 | 66 | - 257 | 146 | 65 | 205 | 09 | 322 | 42 | 1543 | 19 | © 08 | 29 |08 | 977 | by | eH
70 | BHE122 | 465410 | 1002944 | 25758 | NK | - 135 | 89 | 68 | 115 | 46 | 96 | 34 | 769 | 2 | 17 | 16 | 15 | 16 - | s | e
71 | BHE123 | 465161 | 1003103 | 2603 | NK | - 201 | 130 | 7.8 | 18 | 49 | 216 | 4 | 1366 | 8 | 09 | 32 | 05 [32| - |05 | e
72 | BHE124 | 430267 | 987498 | 20604 | NK | ~ 630 | 380 | 74 | 42 | 36 | 827 143 | 350 | 192 | 17 | 217 | 7 271' S v -
73 BHE125 460810 981473 2204 NK B 344 222 7 15 4.8 437 | 132 | 2178 0.5 0.2 0 75 0 - gac'gﬂg BH
74 | BHE126 | 474740 | 1028068 | 25991 | NK | - 342 | 222 | 75 | 8 | 07 | 45 | 15 | 195 6 | 01 | 25 [173 |25 | - | SeNT | en
75 | BHE127 | 453776 | 998997 | 25909 | NK | - 154 | 100 | 75 | 9 | 08 | 20 3 95 0.1 6 04 | 6 - | sy | e
76 BHE128 451196 1027438 | 2660.5 NK - 278 181 7.5 10 0.6 36 7 173 0.3 1 2.7 1 - Ca-HCO3 | BH
77 BHE129 479695 1073212 | 2582.7 NK B 488 395 7 13 2.2 57 16 215 14 0.3 11 18 11 - gac'gﬂé" BH
78 BHE130 473911 1031930 | 2509.7 NK - 166 108 7.6 30 0.7 5.3 0.5 90.3 19 0.2 7.2 0.8 7.2 - Na-HCO3 | BH
79 BHE131 463376 1036389 | 2485.3 NK B 156 101 7.8 215 9.5 32.2 7.4 189.1 5.8 05 0.8 8 0.8 gac-glg- BH
80 | BHE132 | 464070 | 1034816 | 24584 | NK | - 156 | 101 | 7.8 | 215 | 95 | 322 | 74 | 1891 | 58 | 05 | 08 8 |08 ey | e
81 | BHE133 | 464387 | 1034248 | 24406 | NK | - 156 | 101 | 7.8 | 215 | 95 | 322 | 74 | 1891 | 58 | 05 | 08 8 |08 ot | e
82 | BHE134 | 443048 | 1001649 | 23849 | NK | - 693 | 450 | 7.8 | 94 | 9 | 48 | 9 30 | 18 | 4 26 2 | 2 Nese | B
83 | BHE135 | 446260 | 1004149 | 23833 | NK | - 211 | 137 | 86 | 24 | 03 | 18 | 3 | 107 | 7 | 04 2 67 | 2 Nece | gy
84 | BHE136 | 473800 | 1024726 | 26511 | NK - | 319 |20 | 73 | 17 | 11 | 44 | 11 | 200 | 46 | 05 | 11 | 59 |11 | - |[xMe | eu
85 | BHE137 | 455620 | 1026514 | 25912 | NK T | 237 | 152 | 82 | 34 | 15 | 16 | 11 | 1189 | 67 | 03 | 132 | 25 123' B oS =T
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86 | BHE138 | 474421 | 1013070 | 25927 | NK - | 201 | 172 | 86 | 54 | 1 | 18 | 11 | 8 | 21 | 01 | 24 | 02 |24 | - || A
87 | BHE139 | 473621 | 1013070 | 25939 | NK T | 277 | 18 | 78 | 46 | 12 | 129 | 46 | 141 | 10 | 01 | 113 | 16 1;- T NG gy
88 | BHEL40 | 448502 | 978502 | 20444 | NK T | 1074 | 520 | 74 | 53 | 7 1%;8' 598 | 2582 | 99 | 16 | 306 | 0 360 ) g%gju BH
89 | BHEL41 | 441088 | 1013105 | 26843 | NK - | 164 | 112 | 74 | 65 | 14 | 231 | 65 | 105 | 05 | 04 | 11 | 85 |11 | - |[xMe | en
90 | BHEL42 | 442661 | 1079441 | 25509 | NK - | 395 | 257 | 78 | 8 | 2 | 50 | 13 | 250 | 3 | 06 | 1 3 |1 e
91 | BHE143 | 483800 | 1065398 | 2588.7 | NK T | 459 | 208 | 7.3 | 165 | 12 | 672 | 16 | 2318 | 151 | 06 | 135 | 259 15' B B T
92 | BHEL44 | 447488 | 1004519 | 24062 | NK - | 258 | 168 | 8 | 12 | 12 | 30 | 8 | 15 | 3 |02 | 3 | 53| 3 N I
93 | BHE145 | 464607 | 973547 | 21232 | NK | 20 | 507 | 312 | 7.8 | 20 | 61 | 687 | 17.5 | 3161 | 38 | 12 | 06 | 85 |06 | -~ | myd | e
94 | BHE146 | 448254 | 1081234 | 28634 | 62 | 20 | 213 | 198 | 74 | 9 | 2 | 26 | 6 | 121 | 2 |01 | 1 6 | 1 T e | e
95 | BHEL47 | 424260 | 1052339 | 2530 | NK | 20 | 364 | 237 | 79 | 7 1 | 45 | 12 | 220 | 2 |08 | 1 15 | 1 e
96 | BHE148 | 460564 | 1061005 | 2489.9 | NK | 20 | 452 | 204 | 7.2 | 18 | 32 | 37 | 20 | 226 | 13 | 04 | 9 4 | 9 - | GMe |y
97 | BHE149 | 406469 | 1009401 | 30001 | 150 | 20 | 395 | 257 | 78 | 10 | 2 | 50 | 13 | 250 | 3 | 06 | 1 3 |1 N e e
98 | BHEL50 | 406144 | 996681 | 22151 | NK | 20 | 510 | 332 | 8 | 52 | 2 | 39 | 12 | 296 | 11 | 06 | 12 8 | 12| - | ML | e
99 | BHEISL | 428348 | 1027771 | 24928 | 440 | 20 | 322 | 209 | 78 | 12 | 1 | 35 | 9 | 18 | 5 | 03 | 1 12 | 1 N
100 | BHE152 | 474500 | 1068254 | 26425 | 434 | 20 | 302 | 291 | 77 | 10 | 01 | 48 | 8 | 167 | 11 | 07 | 1 2 | 1 - [ cahcos | e
101 | BHE153 | 420001 | 1030799 | 2606.9 | 104 | 20 | 312 | 203 | 79 | 7 | 2 | 33 | 12 | 182 | 2 |02 | 1 15 | 1 S I
102 | BHE154 | 475621 | 1065090 | 26434 | 43 | 20 | 267 | 250 | 77 | 8 | 05 | 32 | 8 | 160 | 2 | 02 | 3 7 |3 © |y | e
103 | BHE155 | 473024 | 1008828 | 26192 | NK | 22 | 130 | 92 | 64 | 17 | 29 | 122 | 27 | 854 | 36 | 04 | 6 | 02 | 6 S s
104 | BHE156 | 415726 | 995650 | 2154 | NK | 20 | 469 | 305 | 69 | 75 | 28 |37.2 | 41 | 3126 | 144 | 11 | 18 | 04 |18 | - |NaSs | ed
105 | SPEL 400482 | 999171 | 22676 | HS | 259 | 612 | 336 | 7.6 | 245 | 23 | 713 | 14 | 435 | 129 | 08 | 65 | 05 | 65 | 2069 | catcos | P
106 | SPE2 431584 | 998853 | 23094 | V | 22 | 415 | 269 | 7 | 96 | 17 | 632 | 20 | 2869 | 1.9 | 0 | 16 | 8 |16 | 2398 | joy | M
107 | SPE3 450831 | 985582 | 22107 | HS | 22 | 201 | 138 | 66 | 91 | 46 | 264 | 5 | 123 | 96 | 08 | 03 | 3 |03 | 863 | caHcos | P
108 | SPE4 412197 | 957215 | 21757 | F 20 | 324 | 216 | 7.0 | 215 | 95 | 322 | 74 | 1891 | 58 | 05 | 08 8 | 08 | 1107 | g0y |
109 | SPES 457146 | 1004953 | 2657 F 17 | 84 |[546 | 7 | 3 | 08 | 10 | 23 | 44 1 |02 | 2 |35]2 T ey | W
110 | SPE6 471668 | 1040491 | 24665 | F 17 | 316 | 205 | 78 | 4 | 06 | 40 | 15 | 190 | 3 | 03 8 98 | 8 C ey |
111 | SPE7 486175 | 1045151 | 2517.2 | F 20 | 358 | 240 | 66 | 115 | 09 | 529 | 121 | 1928 | 95 | 05 | 18 | 358 (18| - | o8 | W
112 | SPE8 474208 | 1005540 | 29768 | F 16 | 196 | 127 | 76 | 4 | 14 | 28 | 5 | 107 | 4 |01 | 4 | 84 | 4 T | e |
113 | SPE9 473540 | 1004307 | 2896 | V | 178 | 585 | 38 | 67 | 3 | 21 | 7 | 08 | 29 1 1 3 |31 3 T ey | W
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114 | SPE10 | 454124 | 1002590 | 26054 | V| 20 | 240 | 148 | 7 | 53 | 11 409 | 49 | 1486 | 48 | 04 | 05 | 85 [ 05| - | cahcos |
115 | SPE11 | 465505 | 1075390 | 28519 | HS | 16 | 365 | 237 | 7.8 | 12 | 06 | 48 | 12 | 212 | 4 | 04 | 2 15 | 2 T | ey | S
HS - Ca-Na- .
116 | SPE12 | 455086 | 1053735 | 1947.8 16 | 1304 | 848 | 7 | 75 | 31 | 124 | 39 | 543 | 63 | 08 | 76 8 | 76 Mg- o

HCO3

117 | SPE13 | 454500 | 1063823 | 25664 | HS | 16 | 335 | 218 | 72 | 11 | 2 | 38 | 11 | 210 | 3 |05 | 2 | 45 | 2 T | e |
118 | SPE14 | 459509 | 1066272 | 26032 | HS | 16 | 333 | 217 | 72 | 11 | 2 | 40 | 11 | 220 | 3 |05 | 2 | 45 | 2 T ey | W
119 | SPE15 | 447470 | 1064576 | 19853 | V 16 | 488 | 317 | 74 | 14 | 4 | 48 | 22 | 2387 | 10 | 04 | 27 | 35 |27 | - |gAe |
120 | SPE16 | 459951 | 1048382 | 17416 | V | 231 | 499 | 324 | 81 | 12 | 04 | 60 | 20 | 287 | 6 | 03 5 29 | 5 T ey | W
121 | SPE17 464186 | 1065719 | 25434 | V 16 | 388 | 252 | 72 | 16 4 42 | 12 | 216 9 | 03 6 15 | 6 ey |
122 | SPE18 | 446945 | 1066467 | 22412 | HS | 17 | 512 | 333 | 72 | 9 | 21 | 62 | 18 | 250 | 8 |03 | 12 | 16 |12 | - |qede |
123 | SPE19 | 385386 | 1052257 | 19122 | HS | 20 | 395 | 257 | 78 | 10 | 2 | 50 | 13 | 250 | 3 | 06 1 3 |1 oy |
124 | SPE20 | 454415 | 1063647 | 25694 | HS | 16 | 330 | 212 | 73 | 12 | 15 | 37 | 115 | 205 | 3 | 05 2 45 | 2 T ey | W

N.B. Except PH all chemical parameters are in mg/l, HS-Hill side, F-Flat area, V-Valley, NK-Not known, BHE-Borehole with researcher-Ephrem 1D, SPE-Spring
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Appendix 7. Geophysical survey data

S [a) Apparent resistivity, ohm-m

& P g Z <SG

50 2 = Z2 | &<

é 5 =) =) w e 15 2.1 3 42 6 9 135 20 30 45 66 100 150 220 330 500 750 1000
VE1 T1 420144 | 995576 | 21465 | 7.6 | 66 | 56 | 57 | 60 | 66 | 80 | 93 | 130 | 180 | 240 | 320 | 430 | 460 | 47.0 | 530 | 60.0 -
VE2 T4 405850 | 1012333 | 3068.9 | 130.0 | 740 | 37.0 | 225 | 19.0 | 185 | 21.7 | 250 | 230 40.0 50.0 | 60.0 | 56.0 | 50.0 | 34.0 | 30.0 -
VE3 T5 406104 | 1009841 | 2959.7 | 63.0 | 49.0 | 350 | 250 | 240 | 21.0 | 220 | 220 | 210 20.0 290 | 31.0 | 300 | 302 | 270 | 250 | 230 -
VE4 T7 389885 | 1047850 | 1949.2 | 120 | 100 | 100 | 110 | 135 | 17.0 | 200 | 240 | 270 350 | 45.0 | 65.0 | 100.0 | 130.0 | 160.0 | 230.0 -
VE5 T9 395206 | 1036965 | 2536.0 | 13.0 8.0 6.0 4.7 4.7 4.7 51 5.0 8.5 12.0 17.0 | 240 | 420 | 500 | 54.0 | 57.0 | 640 | 73.0
VEG6 T11 | 420512 | 987101 | 20671 | 83 | 59 | 51 | 52 | 49 | 50 | 58 | 60 | 70 | 70 | 75 | 70 | 80 | 90 | 100 | 110 | 110 | 115
VE7 T12 417596 | 990897 | 2089.1 | 6.5 5.1 5.0 4.2 4.0 4.6 6.0 8.0 10.0 14.0 180 | 240 | 28.0 | 300 | 350 | 44.0 | 50.0 | 56.0
VES T13 | 417340 | 992791 | 21041 | 200 | 160 | 13.0 | 108 | 100 | 100 | 114 | 100 | 113 | 112 | 153 | 200 | 215 | 300 | 340 | 320 | 310 | 300
VE9 T14 | 416788 | 995049 | 21525 | 80 | 78 | 78 | 71 | 75 | 79 | 94 | 110 | 140 | 150 | 180 | 30.0 | 340 | 300 | 29.0 | 37.0 | 530 | 68.0
VE10 T15 433753 979297 | 2050.3 9.8 8.0 6.7 6.6 6.5 6.5 9.0 11.0 14.7 16.9 20.0 14.0 7.0 6.0 6.5 12.0 20.0 -
VE11 T16 | 435533 | 975713 | 20439 | 70 | 64 | 67 | 70 | 76 | 85 | 85 | 93 | 113 | 98 | 80 | 70 | 90 | 100 | 110 | 150 | 180 | 210
VE12 T17 438653 974227 | 2095.7 | 13.0 10.0 9.0 8.5 75 7.6 8.0 9.4 10.0 7.8 53 7.0 8.0 11.0 13.0 18.0 25.0
VE13 T18 438954 971215 | 2046.7 74 7.1 6.5 6.5 57 6.5 7.0 10.0 14.0 17.0 23.0 25.0 26.0 12.0 16.0 23.0 28.0 30.0
VE14 T19 453740 | 966247 | 2002.7 | 480 | 280 | 220 | 160 | 140 | 130 | 130 | 19.0 | 250 36.0 | 440 | 600 | 40.0 | 36.0 | 320 | 34.0 | 40.0 | 430
VE15 T20 454588 | 964633 | 20151 | 6.0 7.2 6.5 5.8 6.3 74 94 110 | 130 15.0 190 | 220 | 26.0 | 330 | 340 | 410 | 51.0
VE16 T21 455204 | 959520 | 2089.9 | 17.7 | 153 | 126 9.6 6.7 5.8 55 8.0 10.5 15.0 210 | 280 | 320 | 40.0 | 58.0 | 550 | 50.0 | 49.0

VEL7 | VESB-1 | a11861 | 959422 | 21667 | 140 | 130 | 160 | 17.0 | 180 | 200 | 220 | 240 | 260 | 380 | 440 | 480 | 440 | 380 | 40.0 | 430 | 480 | -

VE18 | VESB-2 | 419789 | 950958 | 21906 | 130 | 120 | 100 | 93 | 83 | 84 | 95 | 110 | 130 | 170 | 200 | 260 | 300 | 320 | 330 | 200 | 250 | -

VE19 | VESB-3 | a30458 | 951259 | 21784 | 130 | 85 | 85 | 90 | 112 | 120 | 160 | 17.0 | 150 | 100 | 99 | 117 | 130 | 150 | 200 | 230 | 270 | -

VE20 | VESB-4 | 440364 | 951042 | 22545 | 280 | 140 | 120 | 110 | 90 | 94 | 90 | 90 | 100 | 150 | 210 | 280 | 380 | 50.0 | 550 | 520 | 420 | 36.0

VE21 | VESB-6 | 405372 | 961031 | 22335 | 190 | 125 | 110 | 84 | 74 | 73 | 68 | 75 | 85 | 100 | 120 | 160 | 180 | 280 | 350 | 430 | 540 | 620

VE22 VESB-7 | 412051 960145 | 2156.8 9.0 7.5 8.0 9.0 11.4 147 19.0 24.0 24.0 22.0 16.0 15.0 14.0 18.0 25.0 29.0 35.0 ”

VE23 VESB-8 | 418930 960765 | 21255 | 10.5 9.4 8.7 7.7 8.5 9.3 10.3 10.5 11.0 14.3 18.5 24.0 25.0 23.0 15.0 11.0 ”

VE24 | VESB-9 | 430097 | 960258 | 21243 | 75 | 70 | 66 | 60 | 60 | 60 | 61 | 62 | 60 | 58 | 60 | 65 | 80 | 85 | 90 | 95 | 70 -

VE25 | VESB-10 | 440212 | 963453 | 2101.3 | 160 | 150 | 150 | 150 | 17.0 | 230 | 29.0 | 340 | 360 | 380 | 320 | 260 | 250 | 300 | 330 | 31.0 | 29.0 | 280




Apparent resistivity, ohm-m

2 o . > | -

50 g = 2 | 3¢

é 5 ) =) w e 15 2.1 3 4.2 6 9 13.5 20 30 45 66 100 150 220 330 500 750 1000
VE26 | VESB-11 | 454133 | 964975 | 2011.8 | 175 | 140 | 108 | 95 | 86 | 94 | 110 | 130 | 170 | 220 | 280 | 370 | 47.0 | 500 | 55.0 | 56.0 | 550 | 50.0
VE27 | VESB-12 | 402363 | 969729 | 22310 | 72 | 64 | 66 | 65 | 73 | 86 | 114 | 160 | 220 | 320 | 40.0 | 470 | 430 | 37.0 | 310 | 260 | 16.0
VE28 | VESB-13 | 408008 | 970392 | 21272 | 60 | 60 | 72 | 72 | 77 | 90 | 110 | 150 | 220 | 260 | 340 | 380 | 440 | 420 | 400 | 360 | 300 | 250
VE29 | VESB-14 | 400583 | 969253 | 20881 | 75 | 74 | 73 | 75 | 80 | 90 | 126 | 160 | 21.0 | 220 | 240 | 260 | 240 | 230 | 180 | 17.0 | 210 -
VE30 | VESB-15 | 400643 | 969127 | 20892 | 136 | 9.7 | 100 | 98 | 100 | 11.0 | 124 | 150 | 180 | 170 | 17.0 | 160 | 140 | 150 | 160 | 180 | 21.0 -
VE3Ll | VESB-16 | 437111 | 971581 | 20492 | 11.0 | 1200 | 95 | 90 | 90 | 88 | 88 | 80 | 90 | 110 | 140 | 170 | 150 | 130 | 160 | 220 | 40.0 | 55.0
VE32 | VESB-17 | 451306 | 972219 | 20530 | 10.0 | 90 | 80 | 64 | 65 | 66 | 85 | 120 | 140 | 190 | 220 | 240 | 220 | 210 | 270 | 310 | 340 | -
VE33 | VESB-18 | 460887 | 969065 | 22434 | 200 | 140 | 127 | 123 | 140 | 17.0 | 200 | 220 | 260 | 340 | 440 | 520 | 650 | 740 | 75.0 | 80.0 | 80.0 | 80.0
VE34 | VESB-19 | 404260 | 984021 | 23114 | 44.0 | 380 | 40.0 | 440 | 550 | 680 | 86.0 | 980 | 920 | 800 | 73.0 | 750 | 850 | 100.0 | 110.0 | 100.0 | 85.0 | 73.0
VE35 | VESB-20 | 400026 | 980059 | 20995 | 42 | 52 | 55 | 65 | 61 | 62 | 64 | 64 | 71 83 | 104 | 156 | 230 | 25.0 | 300 | 370 | 420 | 350
VE36 | VESB-21 | 426513 | 978953 | 20606 | 65 | 64 | 64 | 65 | 75 | 80 | 86 | 90 | 80 | 65 | 65 | 70 | 75 | 80 | 85 | 85 | 90 -
VE37 VESB-22 441527 979145 2044.4 8.0 7.6 8.2 8.0 9.3 9.4 9.3 10.0 9.4 8.0 8.5 10.4 12.0 14.0 17.0 22.0 25.0 27.0
VE38 | VESB-23 | 450483 | 980504 | 2057.9 | 180 | 16.0 | 180 | 20.0 | 240 | 30.0 | 380 | 440 | 530 | 60.0 | 650 | 750 | 850 | 80.0 | 77.0 | 620 | 450 | 38.0
VE39 | VESB-24 | 461380 | 979460 | 2166.0 | 13.0 | 92 | 80 | 90 | 87 | 92 | 97 | 90 | 86 | 103 | 135 | 184 | 280 | 410 | 530 | 66.0 | 680 | 55.0
VE40 | VESB-25 | 400505 | 990787 | 22616 | 142 | 11.0 | 136 | 100 | 100 | 11.1 | 140 | 170 | 21.0 | 240 | 27.0 | 31.0 | 350 | 450 | 550 | 63.0 | 63.0 | 64.0
VE4L | VESB-26 | 400236 | 989695 | 2159.1 | 195 | 70 | 65 | 55 | 52 | 56 | 74 | 97 | 136 | 190 | 280 | 360 | 420 | 460 | 500 | 48.0 | 450 | 420
VE42 | VESB-28 | 430551 | 959137 | 21022 | 19.0 | 120 | 80 | 57 | 50 | 48 | 50 | 55 | 58 | 73 74 | 90 | 110 | 120 | 140 | 180 | 220 -
VE43 | VESB-29 | 403669 | 998459 | 22284 | 90 | 70 | 63 | 60 | 60 | 57 | 63 | 70 | 84 | 90 | 130 | 146 | 175 | 200 | 210 | 26.0 -
VE44 | VESB-31 | 430006 | 998839 | 2303.1 | 70.0 | 54.0 | 380 | 320 | 220 | 140 | 120 | 55 | 65 | 90 | 120 | 160 | 170 | 170 | 160 | 120 | 130 | 14.0
VE45 | VESB-32 | 438936 | 999920 | 2404.4 | 127.0 | 59.0 | 350 | 28.0 | 320 | 440 | 610 | 750 | 83.0 | 70.0 | 60.0 | 46.0 | 42.0 | 430 | 480 | 50.0 | 50.0 | 45.0
VE46 S2 422654 | 1043121 | 25448 | 46 | 57 | 73 | 97 | 134 | 188 | 265 | 367 | 459 | 556 | 53.1 | 47.2 | 312 | 180 | 221 | 286 | 90.2 | 1365
VE47 S3 431635 | 1027616 2597.1 21.2 10.9 6.4 6.8 6.5 6.4 6.4 7.6 11.0 15.2 19.6 27.3 42.3 48.0 58.5 60.6 47.0 129.5
VE48 S4 432287 | 1025698 2573.7 95 4.2 4.1 4.1 4.0 3.8 4.6 6.0 7.9 10.0 12.1 15.5 22.9 27.7 311 37.2 44.3 55.7
VE49 S5 436281 | 1013451 2558.6 134 11.8 10.1 9.6 8.3 8.8 105 12.4 18.1 26.2 295 39.6 49.5 57.0 51.4 69.2 125.4 | 237.4
VES50 S6 438957 | 1007817 2561.3 175 7.2 7.0 7.0 8.2 11.8 18.7 23.8 34.3 47.5 52.6 54.8 49.4 45.4 49.9 46.3 56.8 1225
VE51 S7 446542 | 950495 | 23555 | 120 | 147 | 162 | 174 | 175 | 187 | 169 | 183 | 206 | 248 | 313 | 359 | 380 | 345 | 356 | 60.6 | 1139 | 217.0




Apparent resistivity, ohm-m

2 o . > | -

50 g = 2 | 3¢

é 5 ) =) w e 15 2.1 3 4.2 6 9 13.5 20 30 45 66 100 150 220 330 500 750 1000
VE52 S8 442516 | 989091 | 21749 | 123 | 56 | 52 | 63 | 71 | 81 | 94 | 110 | 130 | 160 | 249 | 325 | 262 | 30.0 | 385 | 60.6 | 1054 | 266.0
VE53 S9 420395 | 1104037 | 2530.7 | 104 | 80 | 92 | 120 | 139 | 167 | 187 | 222 | 300 | 401 | 468 | 624 | 835 | 1157 | 1350 | 143.6 | 784 | 493
VE54 S10 438090 | 1082149 | 2560.7 | 164 | 19.0 | 238 | 401 | 533 | 951 | 1136 | 1274 | 213 | 300 | 414 | 61.8 | 941 | 1165 | 1425 | 1436 | 980 | 77.0
VES5 Si1 457323 | 1084282 | 30733 | 91 | 83 | 98 | 129 | 136 | 196 | 227 | 233 | 277 | 297 | 199 | 228 | 262 | 392 | 634 | 995 | 960 | -
VE56 S12 467260 | 1081026 | 2960.3 | 152 | 183 | 225 | 295 | 37.3 | 454 | 650 | 89.4 | 895 | 99.0 | 993 | 99.8 | 828 | 784 | 806 | 805 | 805 | 805
VE57 S13 465104 | 1073374 | 27437 | 57 | 52 | 62 | 79 | 89 | 98 | 107 | 110 | 129 | 134 | 155 | 202 | 289 | 395 | 53.3 | 66.6 | 1039 | 1225
VE58 S14 480009 | 1067022 | 26158 | 36 | 28 | 33 | 42 | 65 | 97 | 130 | 182 | 319 | 525 | 720 | 954 | 1223 | 1294 | 127.9 | 123.0 | 1196 | 1125
VES59 S15 482195 | 1063318 | 2620.8 | 10.7 | 115 | 146 | 174 | 182 | 265 | 325 | 403 | 524 | 580 | 615 | 639 | 97.0 | 1643 | 1575 | 159.2 | 1294 | 119.0
VE60 S16 486284 | 1053126 | 2649.4 | 7.0 79 | 85 93 | 102 | 132 | 157 | 139 | 171 | 186 | 249 | 396 | 503 | 67.7 | 716 | 83.0 | 1215 | 1575
VE61 S17 487760 | 1046033 | 25542 | 70 | 80 | 102 | 144 | 192 | 237 | 285 | 350 | 456 | 552 | 581 | 555 | 482 | 515 | 544 | 635 | 90.2 | -
VE62 S18 482619 | 1037585 2582.8 105 7.9 75 7.9 8.6 9.0 9.7 11.9 14.7 16.8 21.2 32.5 435 58.3 67.1 85.6 109.8 | 133.0
VE63 S19 474683 | 1028442 | 2606.1 | 49 | 59 | 67 | 78 | 118 | 169 | 265 | 379 | 485 | 656 | 90.0 | 1195 | 150.7 | 150.8 | 1395 | 1384 | 98.0 | -
VE64 S20 473228 | 1011884 2597.8 4.2 3.3 3.6 4.2 4.2 4.6 49 5.4 7.1 8.8 11.0 14.7 22.3 28.4 34.1 42.0 54.9 66.5
VE65 s21 472424 | 1020860 | 25427 | 60 | 42 | 49 | 55 | 55 | 63 | 7.7 | 7.7 | 118 | 156 | 209 | 301 | 37.0 | 499 | 634 | 70.1 | 882 | 1365
VE66 S22 455713 | 1026721 | 25912 | 52 | 37 | 42 | 42 | 44 | 54 | 65 | 81 | 132 | 176 | 257 | 320 | 465 | 504 | 40.1 | 337 | 60.8 | 1085
VE67 S23 472276 | 1026242 | 25466 | 138 | 69 | 65 | 75 | 90 | 115 | 159 | 21.0 | 295 | 373 | 469 | 592 | 641 | 671 | 765 | 90.8 | 98.0 | 84.0
VE68 Mkvl | 453784 | 967447 | 2013.0 | 20.0 | 170 | 182 | 17.1 | 156 | 195 | 21.9 | 216 | 214 | 263 | 262 | 27.0 | 383 | 439 | 509 | 656 | 642 | 57.6
VE69 Mkv2 | 440831 | 962742 | 20033 | 20.2 | 141 | 115 | 95 | 102 | 147 | 195 | 216 | 245 | 332 | 420 | 473 | 535 | 531 | 581 | 69.0 | 755 | 76.8
VE70 Mkv3 | 456706 | 965747 | 20410 | 131 | 125 | 105 | 95 | 88 | 74 | 85 | 95 | 107 | 164 | 174 | 270 | 306 | 408 | 50.9 | 57.4 | 66.0 | 64.0
VE71 Mkv4 | 458366 | 965993 | 2048.2 | 16.8 | 136 | 191 | 276 | 371 | 473 | 536 | 514 | 520 | 671 | 727 | 743 | 765 | 103.0 | 130.8 | 1475 | 150.9 | 192.1
VE72 Mkv5 | 456181 | 967170 | 2029.8 | 164 | 127 | 11.0 | 105 | 98 | 116 | 122 | 135 | 153 | 210 | 262 | 304 | 383 | 502 | 581 | 656 | 66.0 | 66.6
VE73 Mkv6 454939 964416 2015.1 22.0 19.7 20.6 20.7 23.4 35.8 43.8 51.4 575 65.7 69.8 81.1 72.1 62.7 65.4 76.1 80.0 75.1
VE74 Mkv7 | 453183 | 969514 | 20392 | 109 | 91 | 91 | 76 | 74 | 84 | 97 | 108 | 122 | 184 | 204 | 303 | 383 | 502 | 58.1 | 656 | 66.0 | 64.0
VE75 Mkv8 451059 967023 | 2052.9 | 42.3 34.3 28.2 25.7 23.4 22.1 23.9 27.0 36.7 42.1 46.5 54.1 61.2 69.0 72.7 70.5 75.5 79.4
VE76 Mkv9 448636 963509 | 2055.1 | 33.7 31.8 27.2 26.6 25.4 27.6 30.1 32.5 40.9 57.8 69.8 81.1 91.8 87.8 87.2 65.6 56.6 64.0
VET77 Mkv10 449119 960527 | 2098.3 57.4 65.9 70.3 79.8 95.7 101.0 | 1169 | 1244 | 1224 | 1210 | 1279 | 135.2 | 1224 | 125.4 | 130.8 | 131.1 | 132.1 | 115.3
VE78 Mkv11l 455173 960732 | 2055.2 65.6 60.2 75.5 73.2 84.0 101.0 | 121.7 | 129.8 | 146.9 | 130.1 | 1153 | 108.2 | 122.4 | 1129 | 116.3 | 131.1 | 132.1 | 128.1
VE79 Mkv12 451026 961049 | 2047.8 | 163.9 | 156.8 | 155.3 | 153.9 | 152.4 | 142.0 | 1144 | 86.5 67.3 57.8 52.3 54.1 55.0 56.4 58.1 65.6 75.5 76.8




Apparent resistivity, ohm-m

5 o | L] 2| .-

50 g = 2 | 3¢

2 £ 5 5 WE| 15 | 21 | 3 | 42 | 6 o | 135 | 20 | 30 | 45 | 66 | 100 | 150 | 220 | 330 | 500 | 750 | 1000
veso | Mapping 19929 | 209 | 453 | 636 | 781 | 89.0 | 1001 | 1023 | 941 | 799 | 631 | 523 | 480 | 540 | 627 | 727 | 769 | 755 | 729

Well | 455040 | 963127

VESBL | BVES-2 | 400668 | 997363 | 22818 | 70 | 64 | 57 | 54 | 56 | 64 | 84 | 116 | 164 | 230 | 287 | 345 | 37.1 | 398 | 445 | 503 | 532 | 477
vesz | BYOPW e | eosery | 22983 | 91 | 80 | 77 | 79 | 70 | 59 | 65 | 86 | 100 | 149 | 207 | 201 | 388 | 478 | 511 | 492 | 451 | 506
VEB3 | BVES3 | 400735 | 996620 | 22814 | 64 | 58 | 55 | 54 | 59 | 74 | 98 | 142 | 205 | 273 | 343 | 454 | 522 | 505 | 604 | 547 | 557 | 618
VEB4 | BVES-L | 400536 | 998330 | 22688 | 47 | 47 | 47 | 48 | 47 | 49 | 52 | 60 | 79 | 110 | 158 | 232 | 327 | 437 | 548 | 614 | 619 | 585
VES5 | BVES-11 | 399714 | 996683 | 22969 | 128 | 106 | 89 | 78 | 73 | 70 | 68 | 76 | 98 | 132 | 177 | 233 | 204 | 359 | 425 | 468 | 469 | 432
vess | BYGW L iees | sorsge | 22970 | 110 | 209 | 102 | 90 | 75 | 63 | 61 | 68 | 82 | 107 | 143 | 200 | 269 | 349 | 416 | 486 | 500 | 475
VES? | HWV1 | 446700 | 1001016 | 2377.6 | 450 | 260 | 130 | 85 | 73 | 70 | 74 | 79 | 110 | 148 | 207 | 204 | 301 | 446 | 490 |- - -
VESS | HWV2 | 445400 | 1002149 | 23659 | 930 | 80.0 | 640 | 510 | 420 | 41.0 | 465 | 500 | 760 | 1020 | 1230 | 137.0 | 1310 | 1110 | 910 |- - -
VESY | HWV3 | 445060 | 1002606 | 23673 | 730 | 640 | 510 | 390 | 320 | 320 | 400 | 470 | 630 | 845 | 1020 | 1100 | 910 | 761 | 66.0 | 650 | 690 |-
VE9Q | HWV4 | 445810 | 1001501 | 23877 | 150 | 90 | 60 | 56 | 59 | 66 | 75 | 89 | 110 | 138 | 182 | 242 | 320 | 385 | 440 | 49.0 -
VESL | ABL | assp05 | oeosap | 20762 | 333 | 321 | 328 | 343 | 319 | 177 | 152 | 245 | 249 | 378 | 446 | 469 | 459 | 428 | 446 | 476 | 451 | 455
VE92 | AB2 | ass010 | o6se3s | 20610 | 86 | 116 | 147 | 165 | 157 | 142 | 140 | 232 | 17.0 | 303 | 332 | 343 | 418 | 517 | 514 | 484 | 431 | 350
VE9S | AB3 | ogsar | osoosa | 22256 | 175 | 154 | 146 | 148 | 153 | 148 | 140 | 124 | 119 | 113 | 118 | 136 | 165 | 21.4 | 248 | 260 | 255 | 238
VE94 | AB4 | 4roses | oasolo | 24833 | 826 | 883 | 94.4 | 1030 | 117.3 | 1260 | 1260 | 130.9 | 80.1 | 371 | 255 | 309 | 382 | 542 | 551 | 606 | 647 | 665
VE9S | ABS | 16012 | o513 | 22201 | 663 | 185 | 89 | 87 | 81 | 106 | 151 | 175 | 197 | 197 | 206 | 243 | 203 | 336 | 405 | 676 | 107.2 | 162.1
VE9S | ABS | 417038 | oa7as | 22527 | 122 | 74 | 48 | 47 | 40 | 30 | 30 | 43 | 67 | 96 | 117 | 145 | 161 | 182 | 263 | 305 | 382 | 497
VE97 | AB7 | 430519 | oco13p | 21190 | 51 | 44 | 41 | 38 | 39 | 38 | 41 | 52 | 50 | 60 | 65 | 79 | 95 | 108 | 127 | 121 | 93 | 66
VE9S | ABS | 4y7p75 | osogsp | 21163 | 106 | 80 | 67 | 72 | 71 | 68 | 70 | 48 | 65 | 59 | 70 | 87 | 104 | 126 | 160 | 156 | 137 | 112
VE®S | AB9 | 420099 | ose197 | 21266 | 96 | 92 | 85 | 78 | 73 | 70 | 71 | 65 | 87 | 93 | 116 | 142 | 172 | 189 | 207 | 206 | 185 | 159
VEL00 | ABIO | 4q0461 | oso110 | 21344 | 112 | 82 | 74 | 69 | 64 | 74 | 94 | 106 | 156 | 202 | 269 | 375 | 441 | 517 | 413 | 363 | 274 | 182
VELO1 | ABIL | 446040 | o5g1ss | 21670 | 111 | 139 | 175 | 213 | 262 | 326 | 400 | 545 | 569 | 599 | 478 | 314 | 225 | 21.9 | 285 | 277 | 235 | 189
VEL02 | AB12 | 443464 | oasagp | 2707.8 | 778 | 569 | 413 | 320 | 256 | 216 | 200 | 187 | 263 | 339 | 442 | 57.3 | 687 | 653 | 435 | 371 | 322 | 200
VEL03 | AG2 | 418000 | ogis1 | 20651 | 70 | 45 | 42 | 50 | 50 | 49 | 53 | 47 | 49 | 49 | 70 | 75 | 76 | 96 | 129 | 184 | 348 | 665
VELO4 | AGA | 407875 | 975644 | 2117.8 | 295 | 150 | 119 | 120 | 123 | 124 | 134 | 149 | 164 | 208 | 250 | 259 | 285 | 360 | 36.0 | 447 | 768 | 147.4
VELO5 | AG5 | 411000 | 972169 | 20854 | 104 | 44 | 43 | 47 | 49 | 52 | 54 | 56 | 69 | 92 | 106 | 167 | 192 | 222 | 302 | 550 | 928 | 1335
VEL06 | AG7 | 416112 | 965051 | 21088 | 149 | 96 | 86 | 84 | 70 | 61 | 62 | 64 | 68 | 85 | 130 | 150 | 158 | 164 | 149 | 131 | 103 | 148




Apparent resistivity, ohm-m

2 o . > | -

50 g = 2 | 3¢

é 5 ) =) w e 15 2.1 3 4.2 6 9 13.5 20 30 45 66 100 150 220 330 500 750 1000
VE107 | AG8 | 418046 | 966388 | 2101.4 | 253 | 164 | 13.7 | 139 | 134 | 132 | 139 | 143 | 181 | 249 | 351 | 448 | 57.3 | 565 | 55.9 | 382 | 359 | 47.7
VE108 | AGY9 | 417318 | 970184 | 20775 | 103 | 97 | 90 | 87 | 85 | 87 | 93 | 91 | 141 | 151 | 188 | 230 | 264 | 266 | 202 | 152 | 107 | 84
VE109 | AGL0 | 429561 | 976060 | 2059.1 | 122 | 105 | 82 | 62 | 51 | 49 | 55 | 67 | 68 7.7 79 | 80 | 79 | 79 | 94 | 95 | 98 | 101
VE110 | AGLl | 429723 | 985702 | 20492 | 60 | 53 | 46 | 57 | 57 | 64 | 73 | 86 | 98 | 100 | 81 | 89 | 104 | 107 | 108 | 189 | 27.1 | 39.8
VE11l | AG12 | 431815 | 993154 | 20698 | 157 | 67 | 61 | 69 | 66 | 61 | 59 | 61 | 71 | 76 80 | 104 | 139 | 196 | 285 | 345 | 47.1 | 634
VE112 | HIM2 | 413337 | 1028725 | 24476 | 241 | 145 | 100 | 104 | 123 | 136 | 161 | 186 | 226 | 233 | 382 | 425 | 443 | 454 | 555 | 624 | 776 | 94.3
VE113 | HIM9 | 420554 | 1030000 | 24809 | 20.1 | 139 | 113 | 88 | 79 | 79 | 75 | 72 | 79 | 80 | 107 | 146 | 185 | 293 | 39.0 | 513 | 713 | 1152
VE114 | HIM10 | 420915 | 1029743 | 25438 | 234 | 17.1 | 149 | 106 | 78 | 61 | 65 | 73 | 74 92 | 102 | 136 | 191 | 227 | 317 | 421 | 664 | 89.2
VE115 | HIM13 | 434838 | 1018622 | 2557.3 | 66 | 57 | 57 | 49 | 53 | 60 | 68 | 71 | 74 7.6 86 | 96 | 160 | 17.8 | 435 | 700 | 1235 | 1814
VE116 HIM14 435630 | 1016743 2546.9 18.4 15.1 14.5 13.3 12.7 11.3 10.9 10.2 11.1 14.1 18.5 25.4 30.2 36.3 46.1 59.8 76.8 80.2
VE117 HIM15 429716 | 1012923 2584.4 18.3 15.8 9.4 8.0 7.0 5.4 4.8 55 55 5.2 4.7 4.6 35 4.8 8.7 18.3 24.7 29.7
VE118 HIM16 431225 | 1013975 2597.9 64.2 45.8 33.7 221 16.9 12.5 12.1 13.3 17.2 24.7 28.6 49.8 52.4 42.0 321 37.7 54,5 60.9
VE119 HIM17 432983 | 1011845 2590.6 90.8 54.1 34.6 18.4 14.5 13.5 11.6 10.2 12.1 15.4 215 275 324 26.2 19.2 24.1 44.3 67.4
VE120 | HIM20 | 423674 | 1011057 | 2673.4 | 87.1 | 39.9 | 275 | 142 | 107 | 86 | 11.0 | 195 | 27.1 | 428 | 672 | 844 | 1264 | 132.2 | 1046 | 67.1 | 57.2 | 89.6
VE121 | IW-1 | 497804 | 979049 | 20575 | 162 | 11.0 | 99 | 97 | 102 | 98 | 101 | 106 | 96 | 85 74 | 73 | 88 | 143 | 234 | 343 | 668 | 1120
VE122 | IW-2 | 408834 | 978804 | 20472 | 152 | 135 | 139 | 143 | 194 | 236 | 279 | 283 | 228 | 152 | 146 | 167 | 301 | 383 | 438 | 57.1 | 981 | 153.0
VE123 | IW-3 | 429625 | 978987 | 20573 | 10.0 | 53 | 46 | 43 | 49 | 55 | 70 | 101 | 124 | 130 | 141 | 144 | 129 | 123 | 191 | 40.6 | 915 | 167.0
VE124 | IW-4 | 430450 | 978994 | 20548 | 48 | 45 | 45 | 49 | 54 | 62 | 67 | 78 | 81 91 | 103 | 106 | 90 | 88 | 109 | 174 | 381 | 66.8
VE125 | IW-5 | 427849 | o78018 | 20575 | 95 | 98 | 107 | 142 | 181 | 211 | 230 | 217 | 153 | 106 | 109 | 11.0 | 115 | 168 | 199 | 309 | 751 | 237.0
VE126 | IW-6 | 409545 | 978092 | 2049.7 | 7.1 | 74 | 69 | 70 | 62 | 61 | 69 | 76 | 76 91 | 103 | 107 | 104 | 113 | 186 | 363 | 66.0 | 1240
VE127 | IW-7 | 430500 | 978182 | 20520 | 55 | 60 | 58 | 62 | 67 | 78 | 83 | 84 | 96 | 132 | 158 | 194 | 250 | 351 | 412 | 733 | 1435 | 1940
VE128 IW-8 428044 977107 2056.6 8.4 9.2 15.3 27.2 41.2 47.9 48.5 28.6 159 14.1 13.9 12.7 11.7 9.8 4.6 2.0 12.0 633.2
VE129 IW-9 429340 977013 2055.9 3.7 4.0 4.6 4.4 45 4.0 3.7 4.3 6.8 11.9 20.9 29.4 321 33.2 32.1 41.9 87.3 146.8
VE130 IW-10 430567 977001 2048.7 5.0 5.0 4.8 4.9 5.5 6.6 7.6 8.2 9.9 16.6 21.9 27.3 29.7 28.2 26.0 38.2 74.6 107.4
VE131 IW-11 428777 976151 2061.2 7.9 7.9 6.8 6.3 6.4 6.6 6.7 7.1 8.0 10.1 11.9 13.0 14.7 17.2 30.3 56.2 106.2 | 253.0
VE132 | IW-12 | 420801 | 976356 | 20556 | 67 | 62 | 63 | 64 | 69 | 80 | 88 | 85 | 71 | 68 71 | 97 | 104 | 108 | 179 | 356 | 475 | 4938




Apparent resistivity, ohm-m

% e L =z =]

50 2 £ 2 2 g

g % o) =) e 15 2.1 3 4.2 6 9 135 20 30 45 66 100 150 220 330 500 750 1000

o
VE133 | BWV-0L | 423646 | 968370 | 20828 | 7.6 6.6 6.3 7.0 7.7 84 | 103 | 114 | 125 | 135 | 137 | 134 | 139 | 147 | 206 | 282 | 542 | 1044
VE134 | BWV-02 | 490984 | 967603 | 2088.3 | 8.1 70 | 57 56 | 6.1 67 | 79 | 93 | 99 | 108 | 113 | 124 | 150 | 17.7 | 280 | 417 | 814 | 1315
VE135 | BWV-03 | 499336 | 966838 | 20926 | 54 | 50 | 48 | 48 | 48 | 55 | 72 | 101 | 130 | 144 | 163 | 191 | 205 | 21.1 | 264 | 301 | 478 | 926
VE136 | BWV-04 | 423063 | 9g6350 | 20869 | 80 | 70 | 63 | 64 | 67 | 82 | 96 | 102 | 99 | 103 | 105 | 103 | 111 | 131 | 243 | 442 | 1084 | 1933
VE137 | BWV-05 | 421519 | ogg134 | 21106 | 103 | 76 | 65 | 63 | 61 | 60 | 66 | 75 | 93 | 122 | 159 | 177 | 189 | 20.7 | 290 | 43.7 | 827 | 1265
VE138 | BWV-06 | 422096 | 965657 | 2099.2 | 6.0 53 51 54 55 6.7 8.8 111 | 141 17.0 189 | 194 | 199 | 212 | 262 | 398 | 754 | 120.2
VE139 | BWV-07 | 420785 965468 | 2128.2 | 11.2 9.9 8.1 6.5 55 44 42 4.7 59 8.3 10.2 14.2 17.6 19.2 32.0 51.5 95.0 | 1554
VE140 | BWV-08 | 422622 | 964714 | 2102.1 | 10.2 8.8 8.5 9.0 10.7 | 159 | 195 | 213 | 207 19.9 171 | 135 135 | 148 | 223 | 337 | 647 | 1265
VE141 | BWV-09 | 423460 | 965499 | 2093.3 | 104 9.8 100 | 106 | 110 | 114 | 117 | 109 | 106 10.5 113 | 129 135 | 148 | 245 | 387 | 90.8 | 166.5
VE142 | BWV-10 | 421499 964851 | 21123 | 8.0 7.3 6.3 6.1 6.2 6.7 7.3 9.1 9.7 10.3 11.8 13.8 15.7 18.2 29.0 38.3 739 | 1349
VE143 | BWV-11 | 424076 966948 | 2072.0 9.4 8.5 7.7 7.9 7.2 7.2 7.2 7.9 9.1 9.8 9.0 10.0 10.2 11.2 14.9 17.4 155 13.1
VE144 | BWV-12 | 424358 966274 | 2076.9 | 115 10.4 10.3 9.9 10.1 9.7 9.7 10.6 10.9 10.4 9.5 9.7 10.5 11.7 14.1 14.8 14.9 13.7
VE145 | DB1V1 | 436551 968193 | 20855 | 175 13.9 16.8 20.9 24.6 31.2 355 33.2 311 21.9 15.2 145 14.0 14.8 18.2 21.1 21.7 19.5
VE146 | DB1V2 | 437546 968190 | 2067.0 7.9 7.0 6.5 5.9 5.7 6.7 7.8 9.2 11.0 11.8 12.7 15.7 17.9 19.7 22.6 24.8 20.8 17.6
VE147 | DB1V3 | 437631 967824 | 2067.1 | 179 11.9 12.1 10.7 10.1 11.4 13.8 12.9 16.7 17.4 17.6 19.3 198 | 224 | 26.0 21.7 23.7 19.0
VE148 | DB1V4 | 437182 968166 | 2078.0 | 4.0 4.2 2.7 4.6 4.2 4.9 6.2 7.1 7.6 11.8 111 23.0 140 | 273 31.6 47.1 99.2 | 168.7
VE149 | DB1V5 | 436078 968432 | 2093.1 3.7 4.1 49 6.1 9.6 13.5 16.9 21.6 26.1 27.2 30.7 32.1 274 | 254 | 303 474 | 805 | 142.6
VE150 | DB2V1 | 438471 967113 | 2073.2 7.3 5.7 55 5.0 5.2 5.1 5.9 8.2 10.6 14.3 15.0 19.2 23.0 | 252 274 | 2717 22.4 17.2
VE151 | DB2V2 | 439278 968414 | 2092.6 | 115 10.5 9.6 10.3 9.2 8.8 8.8 10.5 13.1 19.0 24.8 35.9 409 | 423 314 | 264 18.5 135
VE152 | DB2V3 | 439437 | 969099 | 2070.6 | 164 | 146 | 173 | 191 | 237 | 27.0 | 315 | 437 | 493 71.9 742 | 69.1 | 649 | 532 | 439 | 388 | 192 | 245
VE153 | DB2Vv4 | 438982 | 968377 | 2086.1 | 8.9 8.9 9.1 9.4 103 | 120 | 146 | 177 | 211 25.2 302 | 37.0 | 443 | 492 | 569 | 605 | 631 | 64.2
VE154 | DB2V5 | 440960 968084 | 2077.0 | 46.7 | 466 | 463 | 457 | 444 | 421 39.7 38.1 37.2 36.8 36.7 36.9 37.7 | 39.0 43.7 479 52.3 54.9
VE155 JAV1 425455 965142 | 2086.2 | 11.9 5.6 4.7 55 6.1 7.0 7.5 8.5 8.8 9.9 9.1 10.6 111 11.9 13.6 149 147 15.6
VE156 JAV2 425495 964537 | 2075.3 7.5 7.7 6.8 6.8 7.2 7.6 7.7 7.6 8.5 8.2 7.7 8.8 10.1 11.2 13.9 15.6 14.2 13.9
VE157 JAV3 426115 965852 | 2087.7 55 4.7 4.6 4.6 4.7 5.1 5.8 6.3 6.9 74 7.0 8.4 9.4 10.5 11.8 12.8 13.2 16.7
VE158 JAV4 426167 964722 | 2095.3 | 13.2 9.3 8.7 8.9 9.0 9.3 13.4 14.7 9.5 8.2 7.9 9.0 9.5 10.3 12.6 14.3 14.2 135
VE159 JAVS 426105 965091 | 2089.5 53 5.8 6.5 7.4 8.2 8.5 9.4 9.8 9.8 9.2 7.9 8.2 12.4 15.9 30.3 476 | 1674 | 233.1
VE160 JAVGE 426117 | 963866 | 2093.0 | 3.8 3.7 3.8 4.3 5.0 54 55 55 6.4 9.9 165 | 258 | 29.2 | 283 | 316 | 49.7 | 101.3 | 179.7
VE161 | SWV-1 | 423646 968370 | 2082.8 7.4 6.5 54 55 53 53 5.8 6.3 7.6 9.7 14.7 19.9 258 | 35.0 49.8 66.6 90.7 | 1071
VE162 | SWV-2 | 422984 | 967603 | 2088.3 | 6.0 6.7 109 | 202 | 60.1 | 1534 | 206.1 | 222.6 | 193.3 | 143.0 | 1156 | 1057 | 96.6 | 90.8 | 845 | 839 | 111.0 | 129.8
VE163 | SWV-3 | 422336 966838 | 2092.6 54 4.7 4.6 45 4.2 4.1 4.1 44 4.8 6.3 8.6 11.0 14.3 18.3 334 | 529 89.0 91.8
VE164 | SWV-4 | 423063 966359 | 2086.9 6.8 5.6 43 3.9 44 4.7 5.7 6.2 7.6 10.3 12.7 18.5 26.8 | 35.0 58.9 79.7 | 1025 | 133.2
VE165 | SWV-5 | 401519 | 966134 | 21106 | 44 | 44 | 44 | 45 | 49 5.6 6.1 6.9 81 | 116 | 163 | 230 | 299 | 348 | 429 | 450 | 418 | 427
VE166 | SWV-6 | 400006 | 965657 | 2099.2 | 49 | 41 | 36 | 34 | 32 | 35 | 44 | 57 | 85 | 108 | 148 | 217 | 312 | 360 | 56.1 | 683 | 931 | 107.1
VE167 | SWV-7 | 400785 | 965468 | 21282 | 46 | 46 | 44 | 45 5.0 6.8 | 10.8 | 139 | 159 | 168 | 201 | 245 | 298 | 331 | 367 | 453 | 794 | 1127
VE168 | SWV-8 | 400622 | o9ga714 | 21021 | 44 | 44 | 46 | 47 4.9 5.6 6.8 7.7 96 | 119 | 155 | 227 | 263 | 310 | 366 | 39.7 | 425 | 440
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VE169 | SWV-9 | 423460 | 965499 | 20933 | 5.1 5.0 49 438 47 47 5.3 6.5 8.5 11.8 | 136 | 181 | 242 | 300 | 46.0 | 39.7 | 63.4 | 1085
VEL70 | SWV-10 | 421499 | og4gs1 | 2112.3 | 4.9 438 4.9 55 6.3 76 98 | 123 | 154 | 194 | 262 | 357 | 429 | 48.7 | 515 | 509 | 473 | 455
VEL71 | SWV-11 | 424181 | 967041 | 2071.0 | 46 4.4 4.0 39 39 4.2 55 7.1 9.7 126 | 173 | 227 | 265 | 294 | 342 | 352 | 363 | 380
VEL172 | SWV-12 | 404358 | 966274 | 20769 | 4.3 43 4.7 4.9 5.4 5.7 5.8 6.3 7.1 8.7 104 | 123 | 152 | 188 | 238 | 263 | 269 | 27.2
VEL173 | SWV-13 | 451904 | 978425 | 20717 | 45 46 45 49 5.1 6.2 79 | 100 | 13.7 | 183 | 233 | 333 | 436 | 509 | 66.2 | 79.7 | 919 | 104.4
VE174 | SHV1 | 411559 | 946481 | 2318.8 | 8.9 8.1 75 7.3 7.7 9.0 | 112 | 138 | 168 | 19.7 | 229 | 270 | 322 | 36.0 | 472 | 583 | 78.8 | 100.2
VEL175 | SHV2 | 411203 | 947066 | 2334.8 | 6.0 | 102 | 105 | 125 | 166 | 233 | 30.6 | 30.1 | 276 | 29.7 | 265 | 29.8 | 345 | 40.7 | 499 | 518 | 420 | 40.6
VE176 | SHV3 | 411336 | 947283 | 2329.6 | 12.8 | 106 | 102 | 9.3 8.7 7.9 7.9 93 | 112 | 148 | 187 | 241 | 279 | 345 | 414 | 40.1 | 325 | 28.1
VEL77 | SHV4 | 411706 | 947932 | 2306.4 | 126 | 106 | 8.8 79 7.6 7.8 87 | 101 | 120 | 146 | 178 | 235 | 323 | 398 | 641 | 863 | 120.2 | 1518
VE178 | SHV5 | 411354 | 946981 | 2326.8 | 15.0 | 106 | 6.9 6.4 7.1 86 | 116 | 144 | 137 | 115 | 128 | 256 | 272 | 305 | 338 | 312 | 259 | 20.9
VE179 | SHV6 | 412902 | 947065 | 2282.0 | 23.7 | 216 | 264 | 36.1 | 461 | 578 | 739 | 741 | 859 | 712 | 573 | 378 | 371 | 448 | 84 8.7 87 | 174
VE180 AB3 435512 | 977812 | 20416 | 6.0 5.4 45 5.6 6.3 6.8 74 7.7 75 74 6.4 6.7 6.5 7.0 94 | 122 | 151 | 171
VE181 AB2 437040 | 978775 | 20530 | 9.8 8.5 8.4 6.6 5.8 5.6 5.3 5.0 5.9 5.4 5.6 6.4 7.2 79 | 106 | 149 | 173 | 278
VE182 AB1 436192 | 979611 | 2047.0 | 4.1 44 48 5.2 5.9 6.4 6.5 6.6 7.0 75 7.0 6.9 7.1 7.7 | 107 | 127 | 161 | 171
VE183 | ATC2V1 | 430569 | 973928 | 2067.9 | 242 | 137 | 103 | 7.8 6.7 6.7 7.6 8.0 8.8 9.8 9.9 91 | 138 | 168 | 27.8 | 26.1 | 320 | 229
VE184 | ATC2V2 | 432046 | 976381 | 2062.3 | 17.8 | 131 | 84 7.4 7.4 7.0 6.6 6.4 6.3 6.8 6.6 75 7.7 7.9 95 | 115 | 136 | 151
VE185 | ATC2V3 | 433692 | 976335 | 2053.8 | 5.5 5.0 438 5.3 5.9 6.8 7.7 8.4 8.2 9.0 8.4 9.1 8.8 85 | 102 | 126 | 153 | 16.9
VE186 | DBV1 | 467227 | 963957 | 2065.7 | 9.8 7.1 4.2 5.1 5.5 70 | 103 | 13.8 | 180 | 214 | 243 | 271 | 285 | 366 | 374 | 382 | 394 | 407
VE187 | DBV2 | 468028 | 964298 | 2044.4 | 191.4 | 1404 | 886 | 656 | 388 | 181 | 160 | 169 | 205 | 257 | 315 | 256 | 280 | 255 | 355 | 355 | 318 | 314
VE188 | DBV3 | 467838 | 965055 | 20415 | 154 | 102 | 88 96 | 106 | 115 | 124 | 138 | 127 | 148 | 166 | 196 | 223 | 313 | 309 | 306 | 302 | 29.7




Appendix 8. Hydrograph separation results after RAP analysis for existing gauged
stations

A. EGS1-Station (Upper Awash at Wolonkomi)
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D. EGS4-Station (Upper Awash at Addisalem)
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G. EGS8- Mugher at Roba
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Appendix 9. Hydrograph separation results after TIMESPLOT analysis for existing
gauged stations

A. EGS1-Station (Upper Awash at Wolonkomi)
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D. EGS4-Station (Upper Awash at Addisalem)
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G. EGS8- Mugher at Roba
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J. EGS11- Mugher at Muger
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® Department of Barth Sciences, Addis Abcba University, Addi: Ababa, Bhiopia

ARTICLEINFO ABETRACT
Handling Bditor: M Mapeo Characterization of groundwater-surface water interaction using a combined approach of geclogical, environ-
mental racers (““Rn, EC, 5'%0, and 5°H) and baseflow index in a complex geological environment was earried
Eeywords: out for part of the Upper Awash and adjacent Blue Mile Bazins. In this wark, total measurements of 59 water
G“‘_‘""‘Jm"“’r‘" water mteraction samples were used (52 from different reaches of main Rivers and tributaries, 4 from springs, and 3 from bare-
f‘:“:m"m fracers holes) for “**Rn analysis in dry and wet seazons, along with recent 5-20 years of daily stream flow records from
Baseflow 11-gauge stations. For sub-surface inference, reg'jo:_t_a{ geological struetures and lineament density zonss were
Awrash Basin determined uzing Kriging interpolation techniques. “ZRn values for the river and streams show 2.7-468 Bq_.-'m"

Ethiopia during the rainy season a.ml 17.1-1467 Bg/m* for ﬂ:l.e non-rainy season. The ecredible justification related to
maoderate to high seazonal *““Bn values (100-400 Bq,-’m"} in the upstream parts of the rwo Bazinz, including areas
falling along the surface water divide between the two adjacent Baszinz, shows a link between groundwater and
surface water systems. In the zame area, a very high mean annual baseflow index (BFI =0.5) iz dominantiy
associated with high lineament density (0.9 < LD < 3.0), regional faults, and geologic units of highly permeable
scoriaceous basalt, rift basalt, and fractured ignimbrite units. Relatively, low “**Rn (< 100 Bg/m") in both sea-
sons and low baseflow index (BFI <0.35) values mainly in the central part of the Upper Awash basin are
attributed to existing impervious superficial depositz (alluvial, twff and azh). Thiz, in tum, shows the poor
connection between the groundwater and surface water systems in the central plain part of the Upper Awash
Baszin and, as also evidenced by the storage of foodwater for an extended time afiter the end of the rainy seazon,
prove poor connectivity between groundwater and surface water systems. The very high ““Rn (400-1467 Bg/
mg} with varied mean annual baseflow index (0.35 < BFI <05} at different stationsz in the extreme southern and
southeastern parts of the Upper Awash Basin show Awash River is gaining from the aguifer system through
highly fractured bazalt and fractured ignimbrite geologic units. Evidence from analysiz of meazured electrical
conductivity and ctable isotopes (6'®0, 6°H) generally agree with the observed ““Rn wvalue and baseflow
analysis.
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* Bebsinpian Instinite of Water Resource, Addis Ababa Universizy, Addis Ababa, Bthinpia
* School of Barth Sciences, Addiz Aboha Universizy, Addiz Abgha, Bchiopic

ARTICLEINFO ABSTRACT

Keywords: ZSmdy grea: The western and eastern flanks of Ethiopia’s Awash and Abay Baszins, respectively.
Aquifers ZSmdy focus: Identifving recharge zones of the main aquifers in the Upper Awazh Basin, which are
Recharge asea water recources targeted for long-term sustainable use. In this work, lithohydrostratigraphic

Groundwater chemistry - . B - - . .
Stable isotopes concepts with fracture density, hydrogeochemical and stable izotopic inzights were applied using

Part of the Upper Awash Basin iu.furmaﬁ@ fmm 04 water-supply wells, 188 geoelectrical resiztivity, 124 hydrochemistry, and

Ethiopi 81 ztable izotopic data zets.
New hydrogeological insights of the area: The resultz illustrate that recharge of superficial deposits
and Rift basalt aquifers iz from modern precipitation and from nearby streams/rivers through
fractures, which is exempliied by mixed CaHCOy; or CaMgHCO; water typez of low TDS
(=200 mg/T), high Ca/MNa ratio (>5), low RA (<2.0), enriched isotopic signature, and high
deuterium excess (13.3). Seepage from the overlying aquifers, az well as direct precipitation in
locations where the unit is exposed, form the mechanizms of recharge for fractured ignimbrice
aquifer. The highland and transition areas are dominantly the recharge areas for the regional
scoriaceous basalt aguifer. These areas have high fracture density (0.96<FD<3.0 km/km?),
mineralized NaHCO; water type, high TDS (=468 mg/1), low Ca,/Na ratio (< 1), high RA (=2.0),
highly depleted isotopic signalz, and low deuterium excess (= 11) relative wo the Local Meteoric
Water Line. The resultz alzo reveal groundwater flux from the adjacent eastern flank of Abay
Basin.
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