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Abstract: This study provides a comprehensive analysis of the groundwater potential of
hard rock aquifers in five diverse African case study areas: Lake Tana Basin and Beles Basin
in northwestern Ethiopia and Mount Meru in northern Tanzania (comprising volcanic
aquifers); the Mekelle area in northern Ethiopia and Jifarah Plain in Libya (consisting of
sedimentary aquifers). The evaluation of recharge, transmissivity, and water quality formed
the basis of qualitative and quantitative assessment. Multiple methods, including water
table fluctuation (WTEF), chloride mass balance (CMB), physical hydrological modeling
(WetSpass), baseflow separation (BFS), and remote sensing techniques like GRACE satellite
data, were employed to estimate groundwater recharge across diverse hydrogeological set-
tings. Topographic contrast, fractured orientation, lineament density, hydro-stratigraphic
connections, hydraulic gradient, and distribution of high-flux springs were used to assess
IGF from Lake Tana to Beles Basin. The monitoring, sampling, and pumping test sites
took into account the high hydromorphological and geological variabilities. Recharge rates
varied significantly, with mean values of 315 mm/year in Lake Tana Basin, 193 mm/year in
Mount Meru, and as low as 4.3 mm/year in Jifarah Plain. Transmissivity ranged from 0.4 to
6904 m? /day in Lake Tana Basin, up to 790 m?/day in Mount Meru'’s fractured lava aquifers,
and reached 859 m?/day in the sedimentary aquifers of the Mekelle area. Water quality
issues included high TDS levels (up to 3287 mg/L in Mekelle and 11,141 mg/L in Jifarah),
elevated fluoride concentrations (>1.5 mg/L) in 90% of Mount Meru samples, and nitrate
pollution in shallow aquifers linked to agricultural practice. This study also highlights the
phenomenon of inter-basin deep groundwater flow, emphasizing its role in groundwater
potential assessment and challenging conventional water balance assumptions. The find-
ings reveal that hard rock aquifers, particularly weathered/fractured basalt aquifers in
volcanic regions, exhibit high potential, while pyroclastic aquifers generally demonstrate
lower potential. Concerns regarding high fluoride levels are identified in Mount Meru
aquifers. Among sedimentary aquifers in the Mekelle area and Jifarah Plain, limestone
intercalated with marl or dolomite rock emerges as having high potential. However, high
TDS and high sulfate concentrations are quality issues in some of the areas, quite above
the WHO's and each country’s drinking water standards. The inter-basin groundwater
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flow, investigated in this study of Beles Basin, challenges the conventional water balance
assumption that the inflow into a hydrological basin is equivalent to the outflow out of the
basin, by emphasizing the importance of considering groundwater influx from neighboring
basins. These insights contribute novel perspectives to groundwater balance and potential
assessment studies, challenging assumptions about groundwater divides.

Keywords: groundwater; hard rock aquifer; Africa; transmissivity; groundwater recharge;
water quality; inter-basin

1. Introduction

Groundwater plays a critical role in addressing some of Africa’s most pressing chal-
lenges, including climate change, population growth, and natural resource degradation [1].
Climate change, with its unpredictable rainfall patterns and increasing frequency of
droughts, exacerbates water scarcity across the continent [2]. At the same time, Africa’s
rapidly growing population places increasing pressure on both surface and groundwater
resources, leading to overextraction and degradation of aquifers [3]. According to Gaye
and Tindimugaya [3], managing groundwater in Africa is essential, as more than 50%
of the population depends on it for drinking water and agriculture. Furthermore, the
degradation of natural resources, including groundwater, through overexploitation, pol-
lution, and unsustainable agricultural practices, further diminishes water availability [4].
Consequently, understanding the quantity and quality of groundwater is essential for its
sustainable management, especially given projected increases in demand and potential
climate-induced shifts [5]. Groundwater potential assessment fosters awareness among
decision makers, guiding effective use, management, and protection without compromis-
ing future demand [6]. According to Kebede [7], groundwater potential is assessed by
(1) recharge rate and mechanism, (2) aquifer storage and transmission properties, (3) water
quality suitability, and (4) the response of the aquifer to changes such as climate, seasonality,
and exploitation. As the amount of recharge water and transmissivity directly determines
the amount of groundwater in an aquifer, water quality, particularly total dissolved solids
(TDS), is a key aspect of groundwater sustainability. High TDS levels often indicate poor
water quality as they result from dissolved salts and minerals. Elevated TDS values can
impair water’s suitability for consumption and irrigation, with high concentrations of ions
such as calcium, sulfate, and fluoride being of particular concern [5].

As stated by Macdonald and Davies [4], groundwater distribution across Africa is
primarily associated with four distinct aquifer systems: Precambrian basement rocks,
volcanic rocks, unconsolidated sediments, and consolidated sedimentary rocks. In base-
ment rocks, groundwater typically resides within the uppermost layers of weathered rock.
Within volcanic rocks, groundwater is found in highly permeable zones between lava
flows. Consolidated sedimentary rocks contain groundwater within pore spaces of sand-
stones or fractures and weathered zones within limestones. Unconsolidated sediments are
widespread throughout Africa, contributing to groundwater resources across the continent.
Limited observational data are the source of considerable uncertainty in the knowledge of
freshwater availability and withdrawals in the African continent [8]. Despite the literature
highlighting that there is a high potential for groundwater resource development, there
remains a lack of quantitative understanding regarding its potential [3]. In particular, the
exploration of groundwater in hard rock terrains is a complex task [9] due to the high
heterogeneity of aquifer characteristics.
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In this study, groundwater potential in the hard rocks of volcanic and sedimentary
aquifers of Africa has been assessed by considering five case study areas: Lake Tana Basin
and Beles Basin, both in northwest Ethiopia, and the Mekelle area in northern Ethiopia;
Mount Meru in northern Tanzania and Jifarah Plain in northwest Libya. The case studies
represent different geological settings and climatological characteristics.

The objectives of this study are (1) to quantitatively assess the groundwater potential
of volcanic and sedimentary hard rock aquifers across five case study areas by evaluating
aquifer transmissivity, groundwater recharge, and water quality criteria; (2) to explore the
role of inter-basin groundwater flow as an evaluation parameter in assessing groundwater
potential, as demonstrated in the Beles Basin case study. In this paper, the fourth criterion of
Kebede [7], which includes the external stress factors, is not considered as an independent
potential assessment criteria. This paper presents a synthesis of existing studies alongside
primary data analyses results from the case study areas. Due to the extensive diversity
in climatology, geology, and hydrogeology across Africa, these selected study areas may
not entirely encapsulate the continent’s groundwater potential on a larger scale. However,
given that these study areas are found in different geoenvironmental and climatological
settings of the continent, they offer insights into the potential of Africa’s different main
volcanic and sedimentary aquifers.

2. Location, Geology, and Hydrogeology

In this study, five case study areas are included (Figure 1), representing hard rock
aquifers in volcanic, sedimentary, and, to some extent, metamorphic rocks. Lake Tana Basin
(Figure 1A) and Beles Basin (Figure 1B), located in northwest Ethiopia, and Mount Meru
(Figure 1C), located in northern Tanzania, represent volcanic rock aquifers, whereas the
Mekelle area (Figure 1D) in northern Ethiopia and Jifarah Plain (Figure 1E), northwest
Libya, represent sedimentary rock aquifers. The lower part of Beles Basin also contains
metamorphic rocks.

Lake Tana Basin, with a drainage area of approximately 15,077 km?, serves as the
source of the Upper Blue Nile Basin. This basin consists of Lake Tana (Figure 1A), the largest
lake in Ethiopia covering 3069 km?, and is fed by around 40 rivers from various directions.
It is renowned as one of the country’s agricultural growth corridors. The geology of Lake
Tana Basin is characterized by Tertiary flood basalt, shield volcanoes, Quaternary volcanic
flows, and alluvial-lacustrine deposits, as illustrated in Figure 2a (e.g., [10,11]). The basin
is considered as an uplifted dome, potentially associated with the Afar mantle plume [12].
It is believed to be formed by the confluence of three grabens [13,14] through rifting [15].
This geologic unit consists of highly variable volcanic flows and pyroclastic deposits.

Similarly, the Mount Meru case study area includes the flanks of Mount Meru in the
Arusha volcanic region of northern Tanzania (Figure 1C). The landscape is dominated
by Mount Meru, with several parasitic cones in the area. Most of the rocks of Mount
Meru are Miocene-Pliocene volcanic sedimentary sequences, but younger sequences are of
Pleistocene origin [16,17]. The lithology of the study area is defined by pyroclastics, debris
avalanches, and volcanic rocks from Mount Meru, with some alluvial fan, alluvium, and
lake deposits at the base of the mountain (Figure 3).
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Figure 1. Location map of the five case study areas: (A) Lake Tana Basin; (B) Beles Basin; (C) Mount
Meru; (D) Mekelle Basin; (E) Jifarah Plain.
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Figure 2. (a) Hydrogeological map of Lake Tana Basin; (b) hydrogeological cross-section of Lake Tana
Basin from the southern tip to the north.
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Figure 3. Geological map showing the various geological formations and the spatial distribution of
F~ concentrations at the sampled water points around Mount Meru (adapted from Bennett et al. [18]).

Upper Beles Basin is located at the northwestern margin of the Ethiopia plateau
(Figure 1B), characterized as a valley surrounded by volcanic mountain chains, particularly
on the side of Tana Basin, and a flat landform in the central part with alluvial soil, with a
highly diverse climate attributed to the large physiographic differences. The evolution of
the Tana-Beles basins is the result of geotectonic events of the uplift of the plateau caused
by the rising of the Afar plume and subsidence in the Lake Tana area, which resulted
from the faulting of mid-Tertiary basalts followed by surface processes (erosion); and are
stratigraphically and structurally complex [19].

Similar to the Lake Tana Basin and Mount Meru case study areas, the geology is a result
of multi-episodes of volcanic strata that have undergone multi-phase uplifting, doming,
and collapse processes. The geology of the area consists of Oligocene-Miocene flood basalts
of the Trap sequence (one of the world’s large igneous provinces (LIP)), Quaternary basalt
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flows, and basement rocks exposed at the lower Beles Basin [11,20-24] (Figure 4). The
flood basalt flows in the area are grouped into three main flood basalt formations: lower,
middle, and upper flood basalt formations, overlain by Miocene shield volcanic rocks and
Quaternary basaltic rocks [21].
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Figure 4. Geological map and lithological cross-section view of the study area, showing the spatial
distribution of complex volcanic rock system at Tana and Beles Basin (modified after Belay et al. [20]).

The hydrogeological setting of the volcanic aquifers in the three case studies is very
similar. The aquifers are complex and spatially variable. Lake Tana Basin consists of frac-
tured and weathered volcanic aquifers and an alluvial aquifer in the lowland flood plains
(Figure 2). However, the volcanic aquifer unit covers a wider area with multiple aquifer
layers with different water yielding capacity. The aquifer system comprises alternating
layers of massive rock, pyroclastic material, and volcanic tuffs. Additionally, paleosols,
clay layers, and ashes are intercalated between different layers of volcanic flows, which
affect the groundwater flow system. The aquifers within this volcanic formation can be
broadly categorized into confined, semi-confined, and unconfined aquifers. In Mount Meru,
volcanic debris avalanche deposits, pyroclastic deposits, and weathered and fractured lava
are identified as major aquifers. The aquifer system in the area is a sloping aquifer similar
to the highland areas of Lake Tana and Beles Basins. The aquifer types of Mount Meru are
semi-confined on the west and northeastern flanks, consisting of weathered fractured lava,
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and unconfined on the southwestern flank, consisting of several layers of pyroclastics and
fractured lava with different degrees of weathering (Figure 5). The aquifer is unconfined
at the far east of the eastern flank and consists of debris avalanche deposits. Groundwa-
ter flows are determined by the area’s geomorphology, with flows occurring in multiple
directions from high to low areas [22].
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Figure 5. Litho-hydrostratigraphy of the southwestern flank of Mount Meru in Ngaramtoni showing
the aquifer structure [22]. BH stands for boreholes and W stands for shallow hand-dug wells.

The spatial distribution of water resources in Ethiopia is highly sporadic and affected
by complex geology and topography [7]. The Tana-Beles contact area, situated within this
volcanic landscape, holds significant importance in terms of groundwater resources in the
region. However, the heterogeneous nature of volcanic deposits introduces considerable
variability in groundwater resources, aquifer characteristics, and groundwater dynamics.
There is a high spatial variability of water resources in Beles Basin. In some places, access to
water for the household is a severe problem, whereas in other places, high-discharge springs
supply tens of thousands of people (Figure 6). The nature of groundwater flow characteris-
tics and boundary conditions of aquifers are mainly controlled by the lithostratigraphic

and structural framework of geologic formations [22,23].

Figure 6. The spatial variability of water resources in Beles Basin. (a) Photo showing the difficulty of
access to water in most Upper Beles areas, where precipitation is higher, and (b) photo showing the
middle of Beles Basin (precipitation relatively lower), with relative water supply abundance from
high-discharge springs.
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The Mekelle case study area (Figure 1D) is within the Mekelle Outlier which is a ter-
restrial and shallow marine sedimentary rock-filled basin, bounded by NNW-SSE oriented
post-depositional major faults [24]. The area has a rugged topography with a degraded
landscape of Mesozoic sedimentary rocks and Cenozoic dolerite intrusions shaped by
tectonic and erosional forces. Prominent morphologic features in the area include deep
gorges and cliffs of limestone and sandstone, plateaus and basins of marl-shale-limestone
intercalations, and ridges of dolerite sills and dykes. The study area is drained by four main
ephemeral rivers that are tributaries of the Geba river, which drain to the Tekeze (Atbara
in Sudan) river. The major lithological units in the area include dolerites, sandstones,
limestone, and shale and marl with intercalations of gypsum (Figure 7). The Cenozoic
dolerite intrusions, occurring within the Mesozoic to Paleozoic sedimentary strata [25],
mainly intrude at the upper part of the Jurassic limestone—shale succession (Agulae shale)
and display a generally concordant to sub-concordant relationship with the flat-laying
sedimentary rocks. The main Mesozoic sedimentary rocks in the area are the Adigrat sand-
stone and the Antalo super sequence (a limestone—-shale-marl intercalation). The Antalo
super sequence is grouped as the Antalo sequence and the Agulae shale [26]. Agulae shale
represents the topmost part of the super sequence and is composed of finely laminated
black shale, marl, limestone, and local evaporite units mainly composed of gypsum. The
lower section of the Antalo super sequence is a sequence of limestone and marl, with
occasional shale and calcareous sandstone layers.

A wide range of lithologic units and tectonic disturbances such as major faults and
sag folds has resulted in the quite complex hydrogeological setting of the Mekelle area. The
main aquifers in the area are sandstone, fractured limestone, and weathered and fractured
dolerite [27]. The groundwater flow in the Mekelle area is generally controlled by fractures,
faults, and dolerite dykes and sills. The sandstone in the study area is deeply buried under
the Antalo super sequence, and, thus, is out of reach of most wells, except in a small area
along the Geba river valley in the northwestern and western parts. The limestone with
inter-beds of shale-marl intercalation and occasionally with thin gypsum layers is the
most common aquifer in the Mekelle area. Studies indicate the presence of three E-W
trending groundwater flow systems (shallow, intermediate, and deep) and inter-catchment
groundwater transfer through the synthetic faults connecting adjacent sub-basins like the
Ilala and Aynalem catchments [28]. Given the tectonic and volcanic disturbance of the
area, the aquifer system, in general, is in an unconfined condition regionally, and in a
semi-confined condition at some places such as the Aynalem well field (Figure 7).

The total area of the Jifarah Plain in Libya is about 20,000 km?, starting from the
Tunisian border in the west and extending east to Al Khums at the foot of the mountain,
from the Mediterranean Sea in the north and southward to Jebal Naffusah, where the
elevation ranges from 400 to 900 m above sea level (Figure 1E). It is divided into two areas
from north to south. The first is the coastal strip, which runs parallel to the sea shore,
varying from 15 to 25 km wide. This strip is one of the most important agricultural areas in
Libya. The second or inner part is the plain, which extends from the coastal strip to the
southern mountains; within this plain, there are valleys varying in elevation and width.
Most of these wadis are found in the south-eastern and south-central parts of the plain.
The sediments of Jifarah Plain have been deposited since early Mesozoic times in a near-
shore lagoonal environment. In Jifarah Plain, the rocks are classified into lithostratigraphic
units, with their age ranging from Permian to Quaternary. A north-south hydrogeological
cross-section through Jifarah Plain is represented in Figure 8.
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The cross-section shows the hydrostratigraphy of the Jifarah Plain main groundwater aquifer system.

The labels with codes PZBG7, RDBGY, etc. are the wells along the A-A” profile line.
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The main aquifers in the Jifarah Plain are Ras Hamia aquifer, Al Aziziyah aquifer, Abu Shay-
bah aquifer, Middle and Lower Miocene aquifers, and Upper Miocene-Pliocene-Quaternary
aquifers, from oldest to youngest (Figure 8). The Lower Triassic Ras Hamia Formation is the
oldest formation investigated for its water resources in the plain. It consists mainly of multi-
colored sandy clay with alternating red and green sandstone layers and dolomitic layers. This
aquifer occurs under the entire Jifarah Plain, overlaying the Permian Ouled Chebbi aquitard of
Lower Triassic age. The Middle Triassic Al Aziziyah aquifer usually shows a number of distinct
aquifers formed through karstification of the formation. It consists of dolomitic limestone,
dolomite, and limestone intercalated by clay and/or marl. This aquifer is everywhere confined
to semi-confined, except in the south central part at the foothills of Naffusah mountain. In this
area, the aquifer is unconfined (Figure 8). In central Jifarah, the aquifer is rather deep-seated,
generally 300 to 400 m. It reaches 1000 m below ground in the Tripoli area. Abu Shaybah aquifer
is a thick series of sand and sandstones intercalated with red clay and shale at the bottom. It
overlies Al Aziziyah aquifer in the central and eastern part of the plain. The upper part of this
sandstone series often directly underlies the Miocene sandy limestone and calcareous sandstone.
The thickness of the aquifer complex ranges from 100 to 350 m.

The Middle and Lower Miocene aquifers are built up by a series of limestone, sandy
limestone, dolomitic limestone, sandstone, and clay. These aquifers are semi-confined,
extending from central Jifarah in the south to the coast in the north (Figure 8). The Middle
Miocene aquifer is well developed in western Jifarah and in the western central part of the
plain, where the top of the aquifer is found at 70-150 m below the surface, with a thickness
of 125-200 m. Middle Miocene clay layers separate this aquifer from the upper aquifer and
Lower Miocene aquifer. The Upper Miocene-Pliocene-Quaternary aquifer is also called
the upper aquifer. Clayey sand series and marl divide the aquifer into a number of aquifer
horizons, all considered as one unconfined unit. It is separated from the lower aquifers by
Middle Miocene clays (Figure 8). The lithology of the aquifer varies widely and includes
detrital limestone, gravel, marl, clay, silt, sand, sandstone, limestone of Alkums formation,
gypsum, and calcarenite. The bottom of the upper aquifer varies between 30 and 180 m
deep; the depths of the wells that are utilized in this aquifer are between 30 and 160 m.

3. Methodology and Data

Different methods were employed to estimate groundwater recharge and aquifer
transmissivity, and to characterize water quality. Secondary datasets and findings from
previous studies served as the primary information sources for the chosen evaluation
metrics. In some of the study areas, newly collected data were integrated with secondary
sources, while, in others, the analyses relied solely on prior research results. The following
sections briefly describe the methods and data used in this study.

Depending on the aquifer type and recharging mechanism, the groundwater potential
of an area may be related to the recharge rate; unconfined aquifer systems depend on
recharge, while deep and confined systems such as the lower aquifers of Jifarah Plain do
not, and the groundwater in such hydrogeological systems is assumed non-renewable [30].

Different methods such as chloride mass balance (CMB), water table fluctuation (WTF),
soil moisture balance (SMB), and baseflow separation (BFS) and hydrological models such
as WetSpass were applied to estimate groundwater recharge in these case study areas
(Table 1). Both CMB and WTF are widely used and well-established methods [31,32]. The
CMB method is based on the difference of chloride concentration in shallow groundwater
compared with the rainfall as a result of evapo-concentration. The WTF method estimates
recharge from the rise of the water table. The SMB method is based on the water balance in
the vadose zone, as stated in detail by Bakundukize et al. [33]. Baseflow separation (BFS) is
a technique that separates baseflow (groundwater contributions) from quick flow or direct
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runoff in a stream hydrograph [34]. The WetSpass (water and energy transfer in soil, plants,
and atmosphere under quasi-steady state) model is a spatially distributed physically based
model that gives the long-term average recharge together with the other water balance
components of the vadose zone at a catchment scale [35]. In this study, the groundwater
recharge estimations in the Lake Tana and Beles Basins were based on the WTF, CMB, and
WetSpass methods (Table 1). About 138 groundwater and 25 rainfall samples for CMB and
65 groundwater levels measured at daily and half-hour time scale intervals for WTF were
used for Lake Tana Basin. Similarly, 21 wells for WTF and 56 for CMB were used for Beles
Basin (Table 1). WTF and BFS techniques were applied to Mount Meru, where 5 monitoring
wells for WTF and 4 river gauging stations for BFS were used for the estimation of recharge.
Groundwater recharge for the Mekelle area was compiled from 16 studies in the area
that had used WetSpass, WetSpa, and WATERBAL water balance models, and SMB, WTF,
and CMB methods. On the other hand, the GRACE satellite was used to estimate the
groundwater recharge of Jifarah Plain. The Gravity Recovery and Climate Experiment
(GRACE) satellites were used to estimate groundwater recharge by measuring changes in
Earth’s gravity field, which reflected variations in terrestrial water storage (TWS) [36,37].
GRACE was particularly useful for large-scale assessments of groundwater recharge in
regions with limited in situ monitoring, such as the arid Jifarah Plain.

Table 1. Number of data points and minimum, maximum, mean, median, and standard deviation
values of the three groundwater potential assessment parameters for each case study area. The
methods applied for groundwater recharge, transmissivity values for aquifers of a case study area
together or per aquifer type, and TDS for each study area are reported. Recharge as a percentage of
rainfall is also mentioned.

Minimum Maximum Median Standard
Study Area Parameter Number of Data (n) Value Value Mean Value Value Deviation
Groundwater WTF method 38 33 (3%) 1320 (93%) 193 (22%) 85
recharge (mm/yr)  gEg method 4 42 (4.8%) 113 (13%) 71 (8%)
Mount Meru
Hydraulic transmissivity (m?/d) 1 0.3 790 80 8.8
Water quality (TDS in mg/L) 175 117 4214 987 867
Groundwater WTF 65 125 (8.7%) 778 (54.3%) 369 (25.8%)
recharge CMB 255 164 (11.5%) 404 (28%) 346 (24.2%)
(mm/yr) -
Lake Tana WetSpass 90 m resolution 120 (8.3%) 1085 (76%) 315 (22%)
Basin Tertiary volcanic (36) 0.4 860 101 184
Hydraulic transmissivity (m2/d)
Quaternary basalt (31) 2.3 6904 510 1308
Water quality (TDS in mg/L) 301 79 3388 709 203
Groundwater WTF 21 191 (12.4%) 803 (52.3%) 443 (28.8)
recharge CMB 56 119 (12.4%) 800 (52.1%) 308 (20%)
Beles Basin (mm/yr)
WetSpass 30 m Resolution 110 (7.2%) 916 (59.6) 365 (23.8%)
Water quality (TDS in mg/L) 3.8 667.2 248.5 218.8
WetSpass. WetSpa, WATERBAL models 22 99 51 40 24
Groundwater SMB 7 (1.3%) 139 (25.4%) 86 (15.7%)
recharge
WTF 91 (16.6% 93 (17% 92 (16.8%
Mekelle area (mm/yr) ( ) (17%) ( )
CMB 6 (1.1%) 283 (51.6%) 64 (11.7%)
Hydraulic transmissivity (m?/d) 44 1 4757 604 94 1117
Water quality (TDS in mg/L) 196 251 3287 1394 1224 532
Groundwater recharge (mm/yr) GRACE satellite 1.6 (0.8%) 7 (3.4%) 4.3 (2.2%)
Upper aquifer (19) 2.2 135 45
Lower Miocene (19) 2.3 224 77
Jifarah Plain Hydraulic transmissivity (m?/d) Abu Shaybah (15) 56 418 183
Al Aziziyah (15) 9.8 229 82
Ras Hamia (15) 2.3 418 118
Water quality (TDS in mg/L) 134 22 11,141 1806 1233 1645
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Transmissivity of the case studies” aquifers was mainly estimated by pumping tests
and slug tests. The number of wells, where pumping tests were interpreted, are shown in
Table 1. The slug test involves a rapid change in water level within a well, either by adding
or removing a volume of water, followed by monitoring the water level recovery over time.
In this study, slug tests were conducted on the shallow aquifers of Lake Tana and Mount
Meru. Water in the large-diameter hand-dug wells was instantly pumped out, and the
recovery was recorded with automatic pressure transducers. The slug test is suitable for
low-storage aquifers like weathered basalt regolith and pyroclastic materials, where fast
drawdown and long recovery make slug tests more practical. The Bouwer and Rice [38]
method, commonly used for unconfined aquifers, was used to analyze and estimate the
transmissivity. The pumping test was used for both deep and shallow aquifers of all case
studies. A constant pumping test, withdrawing water at a constant rate from a well and
recording the drawdown and recovery in the same well, was the technique applied in this
study. Analysis for large-diameter wells on fractured basaltic aquifers was found to be
significantly affected by wellbore storage water; hence, methods that took into account
its effect on analysis such as Papadopoulos and Cooper [39] for confined aquifers and
Moench [40] for unconfined aquifers were applied. For the recovery phase, Theis’ [41]
recovery method was applied, which was particularly effective in estimating transmissiv-
ity. Pumping tests are more applicable to high-storage aquifers like Quaternary basalt,
which exhibit steady-state drawdown behavior compared with slug-test basalt regolith
pyroclastic aquifers. Transmissivity of aquifers in the deep wells was typically estimated
using pumping tests, specifically constant rate and recovery tests. Data were secondary
data collected from drilling companies, consultants, and governmental water offices, where
slug tests and pumping tests on large-diameter hand-dug wells showed primary data.
Analytical methods applied included the Theis solution for confined aquifers [41], the
Neuman method for unconfined aquifers [42], and the Hantush—Jacob method for leaky
aquifers [43]. These analyses relied on time-drawdown data, which were plotted on log-log
and semi-log graphs to determine radial flow conditions and fit diagnostic curves [44].
Additionally, transmissivity estimation from recovery data employed the Theis residual
drawdown method [41]. Advanced diagnostic tools, such as logarithmic derivative plots,
were also used to identify flow regimes and refine model selection [45].

Groundwater quality was assessed for each of the case study areas, mostly based
on water samples that were analyzed at Ghent University. Nigate et al. [46] used a total
of 301 groundwater samples for chemistry and 88 for stable isotope analysis collected
from various sources, including deep and shallow wells, hand-dug wells, springs, rivers,
rainwater, and lake water from Lake Tana Basin. The water quality of the Mekelle area
was computed from 196 water samples (Table 1) that were analyzed at Mekelle University
(Ethiopia), Ghent University (Belgium), and the Technical University of Darmstadt (Ger-
many). On the other hand, the Jifarah Plain study was based on groundwater samples from
134 shallow and deep wells (mostly 30-180 m deep) (Table 1) located in the coastal area of
the plain, at different distances from the Mediterranean Sea, which were analyzed at Ghent
University. They were selected from profiles perpendicular to the coastline. The sampling
was performed during dry periods from March to July in 2007 and from September to
November of 2008. Water samples, both added for this study as primary data and collected
as secondary, were collected in 250 mL HDPE bottles, cooled, filtered through a 0.45 um
membrane, and acidified to pH = 2 with HNOj for major cation analysis. In situ and lab
measurements were made for pH, EC, and temperature. The detailed analytical methods
applied to this study were thoroughly explained by Nigate et al. [46], Bennett et al. [47],
Kahsay [28], and Belay et al. [20].
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4. Results
4.1. Groundwater Recharge

Recharge rates for the five different case studies were estimated using one or several of
the methods. The estimated groundwater recharge values varied not only from case study to
case study but also different methods that had different ranges of recharge values (Table 1).
These variations among the methods applied could be (1) due to the assumptions of the
different methods versus hydrogeological, climatological, and topographical characteristics
of the aquifer types; or (2) due to variability in data type, data scale, measurement accuracy,
and representativity. The mean annual recharge in Lake Tana Basin was found to be highly
variable, ranging from 125 mm to 778 mm, and with an average value of 315 mm (22% of
rainfall amount) [48] (Table 1). The main recharging mechanism was the diffuse type by
direct rainfall. However, the focused recharging (preferential flows) along rock fractures
also contributed. In steep-sloping topography aquifers, where low recharge was expected,
higher recharge values were estimated, as in flat floodplain areas where the recharge was
small. Similarly, an annual groundwater recharge ranging from 192 mm to 802 mm, and
with a mean value of 364 mm (Table 1) and similar recharging mechanisms, was noted for
the Beles Basin. The spatial distribution of recharge was highly variable and controlled by
land use in the lowlands and by slope, soil, and rainfall in the highland areas.

On the other hand, debris avalanche deposits (DADs) of Mount Meru generally
showed low infiltration rates under homogeneous recharge conditions compared with
pyroclastic deposits with heterogeneous recharge conditions; thus, areas covered by py-
roclastic deposits had potential for targeted surface runoff recharge. On the northeastern
slope (leeward side), which consisted of DADs, and the southwestern slope (windward
side), which consisted of pyroclastic deposits (Figure 1C), the groundwater recharge values
were 90 mm/year and 544 mm/year, respectively (Table 1). This recharge amounted to, on
average, 13% and 53% of the annual rainfall for each slope. On the northwestern slope (lee-
ward side), which consisted of pyroclastic deposits, and the southeastern slope (windward
side), which consisted of DADs, the groundwater recharge values were 54 mm/year and
88 mm/year, respectively. This amounted to around 7% and 12% of the annual rainfall on
each slope, respectively. Generally, the annual recharge rate over the Mount Meru study
area was highly variable, ranging from 33 mm to 1320 mm, with mean and median values
of 193 mm and 95 mm, respectively.

On the other hand, generally, a lower groundwater recharge was observed in the
Mekelle area. Values of 6 to 283 mm/year by CMB, with a mean of 51 mm/year and
standard deviation of 24 mm/year by the physical hydrological models, were reported for
the Mekelle case study area (Table 1), the variation of which was partly due to different
estimation approaches employed. For arid climates like in Libya in general, and in Jifarah
Plain in particular, the renewable water resource was limited due to low rainfall rates, high
evaporation, and no reliable surface water resources, suggesting the very low recharge
amount. Gongalves et al. [49] estimated the groundwater recharge of the Jifarah Plain with
average, minimum, and maximum values of 4.3 mm/year, 1.6 mm/year, and 7 mm/year,
respectively (Table 1). Furthermore, the major aquifers of Jifarah were deep and confined,
where the effect of recharge on the groundwater potential was low or negligible.

4.2. Hydraulic Transmissivities

The shallow aquifers where significant amounts of water were being exploited mainly
by large-diameter hand-dug wells in Lake Tana Basin were unconsolidated lithological
materials and outside the scope of this paper. However, the highly fractured Quaternary
basalt was often exposed to the surface, and thus, the pumping test and slug test results
were within the scope of this paper. Transmissivity for this shallow Quaternary basalt
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aquifer, analyzed from 12 large-diameter hand-dug wells, ranged from 117 to 1064 m?/d.
Hand-dug wells situated in highly fractured Quaternary basalt yielded substantial water,
often coinciding with high-discharge springs [50]. Transmissivity (T) of the deep volcanic
aquifers in Lake Tana Basin (consisting of Quaternary and/or Tertiary basalt) was assessed
at various locations. Pumping test data from 31 wells in the Quaternary basalt and 36 wells
in the Tertiary basalt (flood basalt and shield volcanoes) (Table 1) were analyzed to esti-
mate the transmissivity of the deep aquifers. Results, revealing variable values ranging
from 0.38 m?/d to 860 m?/d (average and standard deviation of 101 m?/d and 184 m?/d,
respectively) in flood basalt and shield volcanoes, and from 2 m?/d to 18,000 m?/d (av-
erage and standard deviation of 510 m?/d and 1308 m?/d, respectively) in young basalt
(Quaternary basalts), were found by this study. This strong aquifer heterogeneity affected
the groundwater flow system and groundwater potential in the study area.

Similarly, transmissivity of the different volcanic aquifers identified in Mount Meru
such as volcanic debris avalanche deposits, pyroclastic deposits, and weathered and frac-
tured lava were determined from pumping tests. Pumping test data from 11 wells were
used for this study (Table 1). On the southwestern slope of the mountain, both shallow and
deep aquifers consisting of pyroclastic deposits had the potential for local water supply.
The range of transmissivity for the shallow aquifer was 0.3-19 m?/d, while for the deep
aquifer, the range of T was 9-43 m?/d. On the northeastern slope of the mountain, the
aquifer consisting of weathered and fractured lava had potential for local water supply
for the shallow aquifer (range of T: 1.3-35 m?/d), while the deep aquifer had potential
for regional water supply (T = 790 m?/d) [22]. Moreover, the debris avalanche deposits
on the northeastern slope contained some perched aquifers in the area. The slug tests
conducted in the shallow wells in these deposits did not yield reliable results due to the
slow water recovery, but these deposits showed a very low response to rainfall, indicating
low hydraulic properties. In addition, compared with pyroclastic deposits with heteroge-
neous recharge conditions, debris avalanche deposits exhibited low infiltration rates under
homogeneous recharge conditions; thus, areas covered by pyroclastic deposits had the
potential for targeted surface runoff recharge.

The Mekelle and Jifarah Plain case studies comprised basically sedimentary rock
aquifers and some magmatic-like dolerites (Mekelle area). The main aquifers in the Mekelle
area were sandstone, fractured limestone and weathered and fractured dolerite [27]. In total,
pumping test data from about 44 boreholes were used in the estimation of transmissivity in
the Mekelle area (Table 1). Average T values for the main aquifers in the Mekelle area were
1 m2/d for deep massive dolerite, 6 m?/d for shallow weathered and fractured dolerite,
48 m? /d for shale—-marl-limestone intercalations, 306 m2/d for sandstone, 539 m2/d for
marl-limestone intercalation, and 859 m?/d for limestone-marl intercalation [51]. On the
other hand, in Jifarah Plain, transmissivities for the five different sedimentary rock aquifers
were determined. The thickness of the Ras Hamia Formation varied from 450 to 600 m, but
only a small part was considered an aquifer, with usually low transmissivity (0.9 m?/d
or less), according to Kruseman and Floegel [52]. Al Aziziyah aquifer, generally having
depths of 300 to 400 m, had T that varied from 1728 m?/d in the eastern part of the plain
to 4320 m?/d in the western part [52]. According to the results of the pumping tests in
central Jifarah, the aquifer had average T values of 82 m?/d. Referring to Kruseman and
Floegel [52], the storage coefficient of the unconfined aquifer was from 1 to 5%, whereas
it was 0.001 where the aquifer was confined. On the other hand, the T of Abu Shaybah
aquifer was in the order of 432 m?/d and the storage coefficient was about 0.0001, according
to Kruseman and Floegel [52]. The transmissivity values resulting from the analysis of
pumping tests fell within a close range, with an average value of 182 m?/d. Kruseman
and Floegel [52] also estimated T for Lower Miocene and for the Upper Miocene-Pliocene—
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Quaternary aquifers. Kruseman and Floegel [52] found T of 43 m?/d for the former, and T
ranging from 100 to 8001 m2/d for the latter; whereas, in this study, average T values of
77 m2/d for the former and 51 m?2/d for the latter were estimated.

4.3. Water Quality

TDS of the groundwater over the whole Lake Tana Basin ranged from 79 mg/L to
3388 mg/L, and had mean and median values of 709 mg/L and 203 mg/L, respectively
(Table 1). Based on chemical and stable isotope analyses, the groundwater of Lake
Tana Basin was classified into (1) low TDS (~130 mg/L) Ca-HCO3 and Ca-Mg-HCO3
recharge-type water resulting from low rock—water interaction; (2) high TDS (reaching up
to 3000 mg/L), brackish Mg-Na-Ca-HCOg3-type water resulting from strong water-rock
interaction; and (3) low TDS (~420 mg/L) Na-HCOgz-type water. Similarly, three flow
systems (shallow, intermediate, and deep) were identified. The stable hydrogen and oxy-
gen isotopes helped to support the extent of rock-water interaction, concluded by the
chemistry to identify the recharge mechanism. Expected water quality problems such as
high fluoride concentration were less prevalent in Lake Tana Basin. Flow systems were
identified as shallow, intermediate, and deep flow systems. Some water samples from the
shallow aquifer exhibited high nitrate concentrations (>50 mg/L), surpassing the WHO
standard [46].

Deep groundwater in volcanic aquifers and shallow groundwater in metamorphic rock
aquifers of the Beles Basin exhibited relatively higher TDS ranging from 500 to 700 mg/L
(mean was 249 mg/L and median was 219 mg/L), whereas most of the shallow groundwa-
ter on the volcanic rock formation showed TDS values of less than 500 mg/L. The higher
nitrate levels in shallow groundwater compared with deep groundwater indicated that the
shallow groundwater was probably polluted from agricultural practices. The dominant
types of water in the study area were Ca-HCO3, Ca-Mg—CO3, and Na-HCO:s.

On the other hand, the main groundwater type in the Mount Meru aquifer was
high-fluoride Na-HCOj3, with an average pH of 7.8, i.e., alkaline groundwater. The low
Ca?* in this water type allowed for high F~ in solution. Most of the groundwater sam-
ples, about 90% of the samples (1 = 175), showed elevated fluoride (F~) values above the
WHO health-based guideline for drinking water (1.5 mg/L); F~ values range from 0.15
to 301 mg/L. Almost 40% of the samples showed Na+ concentrations above the WHO
taste-based guideline of 200 mg/L [47]. The debris avalanche deposits (DADs) contained
poor-quality groundwater, with elevated F~ levels above the WHO limit (1.5 mg/L) and
the Tanzanian limit (4.0 mg/L) (Figure 3), which may have adverse effects on the local
population. The deep aquifer consisting of weathered and fractured lava had F~ values that
met the Tanzanian limit (4 mg/L) [47]. Total dissolved solids (TDS) values in the ground-
water over the whole case study area ranged from 117 to 4214 mg/L (mean = 987 mg/L
and median = 867 mg/L) (Table 1). The highest TDS values came from hydrothermal
springs near the ash cone. Deep wells showed low mineralization, with an average TDS
value of 653 mg/L compared with shallow wells, with average TDS values ranging from
744 to 1188 mg/L. Therefore, the deep aquifer around Mount Meru, which consisted of
weathered and fractured lava, was potentially better than other aquifers, because it had
good productivity and good water quality; additionally, the aquifer had the potential for
providing a regional water supply.

In the sedimentary rock aquifers of the Mekelle area and the Jifarah Plain, high TDS
and high sulfate concentrations were the major problems with regard to water quality. The
TDS in the Mekelle area was very high due to the high dissolution of gypsum and carbonate
rocks. The TDS in the area ranged from 251 mg/L to 3287 mg/L (a mean = 1806 mg/L, and
a median = 1224 mg/L (Table 1). According to Kahsay [28], 32.8% of the water samples
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from the aquifers in the Mekelle area showed TDS concentrations exceeding the permissible
limit of the Ethiopian drinking water standards, which was 1500 mg/L. Kahsay [28] and
several other studies reported that the common groundwater types in the Mekelle area
were Ca-HCO3-50, and Ca-504-HCO;3, followed by Ca-SO;4 type. Ca-Mg-HCO3, Ca-Mg-
HCO3-504, and Ca to mixed cation-HCOj3 were also common in the dolerite, limestone,
and sandstone aquifers of the area (Figure 7), respectively. The high concentrations of
both calcium and sulfate ions were strongly correlated with shale (with gypsum beds) and
shale-marl limestone geological formations. There was a strong correlation of Ca2* vs. TDS
and SO4%~ vs. Ca* (Figure 9).
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Figure 9. Cross-plot of Ca?* vs. TDS (a) and of SO42~ vs. Ca2* (b).

Similarly, high TDS and high sulfate concentrations, far above the allowable WHO
limits, were also major issues in the case study of the Jifarah Plain aquifers. In general,
the sulfate concentration ranged from 27 mg/L to 2238 mg/L across the entire Jifarah
Plain. In the Ras Hamia aquifer, the poor hydraulic characteristics of this aquifer and
the high salinity (TDS of 2700-8000 mg/L) made the aquifer unimportant and made
further investigation not worthwhile, as stated by Pallas [53]. The Al Aziziyah aquifer was
characterized by a TDS range of 3000-7000 mg/L, with groundwater temperatures ranging
from 40 to 72 °C. The high temperature was attributed to its substantial depth. Notably,
this aquifer is renowned for its exceptionally high sulfate concentration. There were
groundwater samples with a sulfate concentration of 2238 mg/L in the aquifer. Moreover,
its considerable depth posed challenges for exploitation, resulting in limited utilization.
The water quality of Abu Shaybah aquifer was good in the south but deteriorated towards
the north and was very poor in the west. TDS generally ranged from 1000 to 3000 mg/L,
with high sulfate concentrations. The aquifer has been exploited for many governmental
agricultural projects. The groundwater temperature for the aquifer was between 33 and
44 °C. The Middle and Lower Miocene aquifers had TDS of about 2000 to 4000 mg/L and,
according to Stuyfzand [54], the groundwater was a fresh brackish very hard MgMix water
type in the coastal part. The upper aquifer had TDS ranging from 2000 to 10,000 mg/L.
Types of water in the upper aquifer (Figure 8) included NaCl, MgCl, and CaCl, which were
the typical water types, indicating salinization. Groundwater with a Na* concentration of
2749 mg/L and Cl~ concentration of 5285 mg/L were noted in this aquifer. Generally, TDS
in the aquifers of Jifarah Plain ranged from 360 mg/L to 11,141 mg/L. Pollution with a
very high nitrate concentration (>45 mg/L) was found in many locations along the coast.
The nitrate concentration in the Jifarah Plain generally ranged from 0.2 mg/L to 160 mg/L.
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4.4. Inter-Basin Groundwater Flow

Another factor that may determine the groundwater potential of a given aquifer
system is inter-basin groundwater flow. Deep aquifer systems within a basin may receive
replenishment from the deep groundwater of neighboring basins through deep fractures
that extend across basin boundaries. The Beles Basin case study emphasized the crucial
role of this phenomenon in groundwater potential assessment and groundwater balance
studies. Hydro-stratigraphic, groundwater water level, presence of high discharge springs,
fracture orientation and density, topography, and hydrochemistry were used to detect the
presence or absence of inter-basin flow.

The nature of the aquifer in the Tana/Beles Basins area is controlled by the litho-
stratigraphy and effect of geological structures [7]. The high topographic contrast, the
extension of the fractured basaltic aquifer, the high lineament density, the fracture dis-
tribution and orientation along the basin contact, the connection of hydro-stratigraphic
units (Figure 1B), the high hydraulic gradient (Figure 10b), and the spatial distribution of
high-flux springs (Figure 10a) were evidence of the existence of inter-basin groundwater
flow (IGF) from Tana Basin to Beles Basin (Figure 10a) [20]. In most groundwater potential
studies, IGF is not considered; however, in some cases, like the Beles Basin, IGF has a
significant role in the groundwater potential of the basin. The high flux springs like Ali
Spring (Figures 6b and 10a), which are the main water sources in this study area, might be
the result of regional IGF. Hence, in groundwater potential and water balance studies in
fractured hard rock aquifers systems, which have undergone a series of geotectonic events,
regional groundwater flow like IGF may have a significant role.
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Figure 10. (a) Schematic of conceptualized regional groundwater flow system of Tana-Beles basins
contact (Landsat image with a false color composite of RGB band 7, 5, and 1, respectively, with
lithostratigraphy cross-section). Blue arrows represent local and regional flow paths and location of
high-flux springs that are the result of IGF. (b) Cross-section showing the relation of groundwater
level at the deep boreholes to the land surface topography along a perpendicular axis to the Tana-Beles
basin boundary (a), modified after [20].

5. Discussion

The summary of this study, the main results, and the concluding remarks, are shown in
Table 2. The high groundwater recharge estimated using the water table fluctuation (WTF)
method in the sloping aquifers of the Lake Tana and Beles basins may be attributed to addi-
tional recharge from lateral groundwater flow (mountain block recharge) in combination
with diffuse recharge. Furthermore, preferential percolation through specific flow paths, as
highlighted by Yenehun et al. [55], could also play a significant role. Markovich et al. [56]
similarly found that lateral groundwater flow in mountainous and volcanic regions can
significantly influence recharge rates. This is supported by the volcanic rock fractures
observed during fieldwork. Conversely, the low recharge observed in the flat floodplain
areas can be explained by the limited storage capacity of the aquifer. In these areas, the
aquifer becomes fully recharged during the early to middle stages of the recharge period,
after which excess water primarily contributes to runoff and evaporation. According to
this study, the major controlling factors of the groundwater recharge rate in the Mekelle
area are the soil texture and topography, which are directly related to the bedrock geology
or the lithology and the geological structures, respectively.

Table 2. Summary of the key parameter values and properties across case study areas.
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(mean: 315) aquifers: (mean: 709) Quaternary L .
rocks (basalt) : limited recharge due to aquifer
101-510) volcanic rocks

storage constraints. Good water
quality with occasional high
nitrate levels in shallow systems.
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difficult to exploit due to low
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TDS levels.

Offodile [57], and subsequently Kwami et al. [58], attempted to establish a correlation
between transmissivity (T) and aquifer potential in hard rock aquifers. They proposed that
aquifers with a T greater than 500 m?/d are to be classified as high potential, while those
with T less than 0.5 m?/d are to be considered negligible. On the other hand, aquifers with
T ranging from 0.5 to 5 m2/d, 5 to 50 m2/d, and 50 to 500 m2/d are to be classified as very
low, low, and medium potential aquifers, respectively. Both shallow and deep aquifers
of the Quaternary basalt in the Lake Tana Basin, and the deep aquifer of the weathered
and fractured lava of Mount Meru are found to list alongside high potential aquifers.
According to Jalludin and Razack [59], transmissivities for the Adolei basalts in Djibouti
ranged from 6 m?/d to 220 m?/d (average 122 m?/d), while this study found an average
value of 101 m?/day for similar Tertiary flood basalts. Similarly, they estimated T values
ranging from 13 m?/d to 27,120 m?/d (average 5347 m?/d) for the Quaternary Gulf and
stratiform basalts, while it was described to range from 2 m?/d to 18,000 m? /d (average
510 m?/d) by this study for the Quaternary basalt in Lake Tana Basin. The difference in
the average value must be due to the relatively small thickness in Lake Tana Basin (it is
on average about 20 m in thickness). In general, both studies confirmed that the recent
Quaternary basalt geological unit was the more transmissive, showing the more intensively
fractured nature of the Quaternary basalt compared with the Tertiary period volcanic
aquifers. On the other hand, the shallow aquifers of pyroclastic material intercalated
with lava flows in Mount Meru and Lake Tana Basin were in the range of very low to
low potential aquifers. In general, the fractured quaternary basalt in Lake Tana Basin,
and weathered and fractured lava (mostly basaltic) in both of the case study areas, were



Water 2025, 17, 109

20 of 25

potentially better than other aquifers because they had good productivity and good water
quality; therefore, the aquifers have the potential for providing a regional water supply.
In addition, the Tertiary deep-weathered and fractured lava aquifer in both case studies
also showed a similar potential to the weathered and fractured bedrock aquifers in Ilorin,
Nigeria (range of T: 3-1200 m?/d) [60].

There was no reported high fluoride problem in Lake Tana and Beles Basin volcanic
aquifers, in contrast with the debris avalanche deposits (DADs) of Mount Meru. This could
be related to the prevalence of Ca?* in most water types, inhibiting high F~ concentrations,
which would lead to the precipitation of the mineral fluorite (CaF;). Among the 100 coun-
tries of the world where fluoride is observed as a geogenic groundwater pollutant, 38 are
African countries [61]; nearly 81 million Africans are using water sources with a fluoride
concentration above 1.5 mg/L. High fluoride levels in water can stem from volcanic activi-
ties, thermal waters (especially those with high-pH sources), gas emissions, and granitic
or gneissic rocks [62]. This issue is particularly severe in the East African Rift Valley area
in nations such as Kenya, Tanzania, and Ethiopia, where Mount Meru lies, and where
groundwater is characterized by Na*-dominated water types, unlike the two volcanic case
study areas of Ethiopia that are located on the old volcanic plateau, with Ca?*-dominated
water types. Similar high fluoride concentrations have been studied by Coetsiers et al. [63]
in Nairobi, Kenya.

The high-potential aquifers in the Mekelle area are the limestone-marl and marl-
limestone (Antalo limestone formation) aquifers. According to the Offodile [57] aquifer
potential classification, they are regarded as high-potential aquifers, whereas the deep
Adigrat sandstone has moderate potential. The shale-marl-limestone intercalation has low
potential but supplies the rural community through large hand-dug wells. Its productivity
depends on the thickness of the bedded and fractured limestone. The dolerite intrusion,
which has a limited areal extent, is also used as an aquifer, with a potential ranging from
very low to low. However, the high TDS and high sulfate concentrations (in some of the
wells where gypsum evaporite exists) of groundwater in the Mekelle area are major water
quality issues. The strong correlation of Ca?* vs. TDS and SO4%~ vs. Ca?* (Figure 9)
indicates that Ca%*, the dominant cation in the water, is the primary ion contributing to
TDS, originating from calcite and/or gypsum dissolution [64,65]. It is worthwhile to note,
based on Figure 9, that, for low Ca?*, the correlation with SO42~ is poor; here, the Ca?tis
due to calcite dissolution. However, for high Ca* (>12 meq/L), there is a high correlation
with Ca?*; here, the Ca?* is due to gypsum dissolution. HCO3 ™~ is the dominant anion,
followed by SO,42~, in most samples, indicating calcite and gypsum dissolution being the
primary geochemical processes in the study area. These findings are consistent with global
studies on geogenic contamination in regions with gypsum or evaporite deposits, such
as India’s arid zones [66] and Libya’s coastal aquifers [29], where high TDS is linked to
evaporite dissolution and salinity.

Also, the relatively low recharge compared with the studied volcanic aquifers, and the
high seasonal variability of the recharging period (short recharging and long dry), lowers
the potential of the shallow shale-marl-limestone intercalation aquifer during the later
dry months.

The deepest aquifer of the Jifarah case study area, the Ras Hamia formation, has
very low potential, according to the Offodile [57] classification, while the Al Aziziyah
aquifer has high potential in the eastern and western part, and moderate potential in the
center. Abu Shaybah, Lower Miocene, and Upper Miocene-Pliocene-Quaternary aquifers
have, on average, moderate potential. The Mesozoic sandstone of Mekelle has moderate
potential, while its similar era formation of Ras Hamia in Jifarah Plain has very low
potential. Dominantly, limestone rock aquifers of both case study areas, limestone-marl
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in Mekelle and limestone-dolomite-marl Al Aziziyah aquifer in Jifarah Plain, are high
potential aquifers, where karstification might play a role in increasing transmissivities.
However, the high TDS values are quality concerns.

The high nitrate concentrations observed in some of the shallow hard rock aquifers in
the studies have also been noted in wells of villages, towns, and agricultural fields, as seen
in the studies of Lake Tana and Beles Basins. Similarly, Lapworth et al. [5] observed high
nitrate concentrations in the towns of Sub-Saharan countries, for which municipal wastes
and agricultural additives are the main causes. Aquifer boundaries are usually defined
based on the surface topography; hence, inter-basin groundwater transfer (IGF) is seldom
taken into account in most groundwater studies [67]. Investigating IGF holds significance
due to its implications for watershed hydrology, water quality, ecology, water balance, and
management [68]. IGF plays a crucial role in shaping our comprehension of groundwater
flow systems, impacting factors such as aquifer dimensions, residence times, boundary
conditions, and sustainability in relation to abstraction practices [69]. An IGF, as observed
from Lake Tana Basin to Beles Basin, has also been seen by the study of Kahsay [28] in the
Mekelle area. Groundwater is inferred as being exchanged between the aquifers of the Ilala
and Aynalem catchments through synthetic faults connecting these adjacent catchments;
similar geological structures are found to be a way of groundwater transfer from Lake
Tana Basin to Beles Basin. The presence of IGF emphasizes the interconnected nature of
groundwater systems, transcending basin boundaries. Assessing and considering IGF as
groundwater balance and potential assessment, and thus management plans, is crucial
for ensuring sustainable utilization of groundwater resources, especially in regions where
regional flow dynamics significantly influence groundwater availability. Previous studies,
such as by Han et al. [70], Frisbee et al. [71], and Genereux et al. [68], have similarly
emphasized the importance of IGF in understanding groundwater systems, which can play
a critical role in overall water resource management.

The primary limitation of this study lies in the lack of data at the required spatial scale.
The significant spatial variation of key parameters, both within and across the case study
areas, highlights the need for more extensive data collection to improve the understanding
of these parameters across the aquifers. Finer spatial scale data on transmissivity, recharge,
and water quality samples could yield a different range of values for the various aquifers.
While this study has maximized available data by incorporating both the published and
the unpublished literature, the interpretation and conclusions drawn are still subject to the
constraints imposed by the data limitations.

6. Conclusions

This study investigates the groundwater aquifer potential in five African case study
areas, encompassing volcanic, sedimentary, and partially metamorphic hard rock aquifers.
The assessment of recharge, transmissivity, and water quality forms the basis of the quali-
tative evaluation. The variability in recharge rates, hydraulic transmissivities, and water
quality highlights the need for site-specific assessments and management strategies. This
study also highlights a unique phenomenon of deep groundwater flow from Lake Tana to
Beles Basins and between the Ilala and Aynalem catchments in the Mekelle area, illustrat-
ing the dependency of groundwater potential on such distinct occurrences. The findings
indicate that hard rock aquifers serve as the primary groundwater source in volcanic re-
gions where weathered/fractured basalt aquifers exhibit high potential, while pyroclastic
aquifers typically demonstrate lower potential. High fluoride levels present a water quality
concern in Mount Meru aquifers, as is noted in the Rift Valley region of many other African
countries. Among the sedimentary aquifer types studied in the Mekelle area and Jifarah
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Plain, limestone, intercalated with marl or dolomite, emerges as a high-potential aquifer,
but high mineralization and high sulfate may be water quality issues.

This study of Beles Basin offers a fresh perspective on groundwater potential assess-
ment by emphasizing the importance of considering groundwater influx from neighboring
basins alongside catchment-level recharge and discharge dynamics. It challenges the con-
ventional notion that groundwater within confined or unconfined aquifers of a catchment or
basin remains solely within its respective aquifers. This insight is crucial for refining water
balance models and improving water resource management by accounting for groundwater
transfer between adjacent basins.

Finally, while this study provides valuable insights, data limitations remain a key chal-
lenge, particularly in terms of spatial scale. The significant spatial variation in parameters
like transmissivity, recharge, and water quality underscores the importance of collecting
more fine-scale data to gain a deeper understanding of aquifer behavior. This study, by
integrating available published and unpublished data, contributes to the understanding of
groundwater resources, but further research is needed to refine these findings and enhance
groundwater management strategies.
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