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ABSTRACT ARTICLE HISTORY

Characterization of the groundwater flow systems is important for Received 24 June 2022

sustainable water resource management decision-making. We Accepted 18 April 2023

have used vertical profiles of electrical conductivity (EC) and

water temperature taken at 2m intervals during driIIin% of 109 A . e
. X ] > wash River basin; Ethiopia;

boreholes, and samples for stable isotope analysis (6O, 6H) groundwater flow;

taken from 47 boreholes to characterize groundwater recharge, hydrogen-2; isotope

flow and discharge. **’Rn measurements and piezometric  hydrology; oxygen-18;

evidence were used to complement results from the EC and radon-222; volcanic aquifer

stable isotopes. The converging evidence shows that

groundwater in the study area is characterized by a mix of two

different groundwater flow systems: i) the deep groundwater

systems are connected to the regional groundwater flow

originating from the highlands, outside the surface water basin, ii)

the shallow groundwater systems get recharge from local rains.

The local recharge zones are located in highly urbanized and

industrialized zones posing risk to recharge reduction and

pollution. Therefore, attention should be given to protect

groundwater resources from contamination and increase

groundwater resilience to climate change.

KEYWORDS

1. Introduction

Proper characterization of groundwater flow systems must be used as an important basis
for sustainable water resource management decision-making. Groundwater flow is
characterized by hierarchically nested groundwater flow lines representing local, inter-
mediate (sub-regional), and regional flow systems [1]. Passing through interconnected
cracks and pore spaces of geological materials-aquifers [2,3], groundwater can move
from a few meters (local flow) to hundreds of kilometers (regional flow) [4]. Many
authors explained the different dynamics of how groundwater moves in different

CONTACT Kidist Hailu ) kidisthailut@gmail.com; Behailu Birhanu ) behailu.birhanu@aau.edu.et @) School of Earth
Sciences, Addis Ababa University, Addis Ababa, Ethiopia

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/10256016.2023.2222221.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The terms on which
this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/10256016.2023.2222221&domain=pdf&date_stamp=2023-06-13
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kidisthailut@gmail.com
mailto:behailu.birhanu@aau.edu.et
https://doi.org/10.1080/10256016.2023.2222221
http://www.tandfonline.com

2 (& KHAILUETAL

geological settings [1,5-11]. More generally, the shallow groundwater flows and dis-
charges to local wetlands and streams. Whereas, deeper groundwater travels long dis-
tances and feeds the wetlands and rivers far downstream from its source [4]. Most
hydrological and hydrogeological models are designed based on such characterization
of the groundwater flows. In many instances, catchments are considered self-contained
systems with the groundwater basin having similar catchment as the corresponding
surface water divide [12].

Aquifers in arid and semi-arid regions of the world derive a significant portion of their
recharge from adjacent mountains either through stream infiltration in the mountain
front zone or from subsurface flow from the bounding highlands [13]. Understanding
mountain recharge systems in terms of distinguishing between mountain front (local
recharge system) and mountain block recharge (regional recharge system) is important
to conceptualize and manage groundwater resources in the mountain-bounded basins
[13-19].

The study area is the upper and middle Awash River sub-basins in central Ethiopia. The
Awash River basin is the most utilized, urbanized, and populated river basin [20,21]. It
accommodates major urban settlements, small to large-scale irrigation schemes, and indus-
trial zones. Together with surface water abstraction for irrigation, groundwater is the main
water supply source for industries, urban and rural communities, and irrigation [22].

The Awash River basin is located in the tectonically active Main Ethiopian Rift (MER).
The hydrology of the basin is complex due to dense cross-cutting lineaments [23,24].
The physiography of the basin comprises a plateau, escarpment, and rift [25]. It is also
characterized by complex stratigraphy with pre-rift plateau basalts, Addis Ababa basalt,
Nazareth Series volcanics, Quaternary basalts, and post-rift domes (Wechecha, Furi Tra-
chytic, and Rhyolitic domes and Entoto, Becho Rhyolites) [26,27] one coming over the
other. The Nazareth Series volcanic is an interfingering of basalts and ignimbrites and
is the most widespread formation in the basin.

Conceptualization of the groundwater flow system has been done in the Awash River
basin [23-25,28-30]. There is a regional groundwater system that extends from the
plateau towards the rift through structurally controlled conduits or hydrologic windows
[23]. Regardless of the geological complexity of the region, studies tend to simplify the
conceptualization by categorizing the aquifer systems into upper and lower basaltic aqui-
fers [24].

Based on the assumption that the groundwater supply wells are fed by regional
groundwater flow originating from recharge in the highlands, and therefore groundwater
is resilient to climate variations, more and more groundwater exploration has been done
to supply the ever-increasing population growth and industrialization mainly in the upper
Awash sub-basin. More than 300 boreholes have been drilled in this area for the munici-
pality, irrigation, industries, and different private owners under a government-promoted
self-supply policy. Among these, in Addis Ababa city, Akaki, South Ayat, Legedadi, and
Sebeta Tefki well fields (located in the upper Awash sub-basin), deep boreholes were
drilled to supply Addis Ababa city [31]. In Becho plain (located in the upper Awash
sub-basin), and Alliadege plains (located in the middle Awash), deep boreholes were
drilled to supply large-scale irrigation schemes [32].

Based on most of the aforementioned studies, the Akaki well field is recharged by sub-
surface groundwater inflow from the highlands. The rapid decline in groundwater level as
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also observed by [28] in the major well fields (e.g. Akaki well field) evokes the need to
revisit the conceptual model of groundwater flow in the region. Large drawdowns are
observed in several solitary boreholes and well fields. As shown in Figure 1, some of
the boreholes in well fields around Addis Ababa show water level decline exceeding
30 m. The rapid groundwater level decline has also led to the abandonment of the old
Akaki well field or the deepening of the boreholes to reach the new dynamic water
level. This by itself necessitates the need for an in-depth understanding of the ground-
water flow dynamics with particular emphasis on groundwater recharge sources,
aquifer storage and size, interconnectivity between the various aquifers, and groundwater
discharge processes in the region.

The purpose of this study is to characterize the groundwater flow system using conver-
ging evidence from the use of environmental tracers. In this work stable isotopes of water
molecules (*H and '80), electrical conductivity (EC), temperature, and the radioactive
isotope *??Rn were used together with piezometric evidence. This study intends to gen-
erate important information for the sustainable utilization of groundwater resources for
different competing users in the upper and middle Awash sub-basins. It will inform the
ongoing groundwater flow modeling works [22]. The study further aims to delineate
recharge zones and their protection. Furthermore, this study will add a new perspective
to show the importance of in-depth analysis of the groundwater system through vertical
profiling of EC, temperature and isotope analyses for a better characterization of the
groundwater flow system.

2. Materials and method
2.1. Study area

The Awash River basin is the fourth largest and most-utilized river basin in Ethiopia, with
total areal coverage of 110,000 km? [20,33]. The focus of this study, the upper and middle
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Figure 1. Water level decline in three boreholes in the Akaki well field supplying the city of Addis
Ababa.
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Awash River sub-basins are located within the geographic coordinate of 385663-694245
Easting and 872041-1068839 Northing, with total aerial coverage of about 30,000 km?
(Figure 2). More focus is given to the shallow and deep groundwater systems of the
upland (Becho area) and the midland (Legedadi, Addis Ababa, South Ayat, Akaki, Ada’a
(Bishoftu and Mojo)) regions. To check the consistency of the analysis, additional
samples were analyzed from further downstream at the lowland (Alliadege plain)
(Figure 2).

The physiography is characterized by plateau, rift escarpment, and rift floor with
elevation ranging from 697 to 4163 m a.s.l. The rainfall pattern is dominantly bimodal
in nature with the highest rainy season starting in July and extending to September
while the light rains occur from March to May. Fifteen years of meteorological data
(2000-2015) compiled from eighteen stations (Figure 2) show the average annual rainfall
and temperature of the upland area is 1037 mm and 15 °C, the midland area is 952 mm
and 19.3 °C and the lowland area is 761 mm and 23.63 °C, respectively.

The land use and land cover in the Awash River basin is mainly characterized by farm-
land, forest cover, shrubland, grassland, and built-up areas. Rapid land use and land cover
change strongly affect water resources, especially in regions that experience seasonal
water scarcity [34] like the Awash River basin. Rapid land use and land cover change is
observed mainly in the upper Awash River sub-basin due to rapid expansion of urbaniz-
ation, population growth, and development of industrialization. According to [35], built-
up areas in the Awash River basin have increased by 225 % from 1988 to 2018 at the
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Figure 2. Location map of the research area (upper Awash sub-basin from Ginchi to Koka reservoir,
middle Awash sub-basin from downstream of Koka to Melka Werer).
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expense of forest and shrubland. A higher level of deforestation combined with popu-
lation growth, urbanization, and cropland expansion has impacted the available water
resources in the area. Figure 2 shows the highly converted regions from farmland to
urban settlements and industrial zones. According to FAO, the area is covered by clay,
clay loam, sandy loam, loam, and loamy sand [36]. The central part of the area is
covered by clay and sandy loam clay soils. Most of the escarpments are covered by
loam and sandy loam soils.

2.2. Methodology

2.2.1. Study design

We compiled, generated and used four types of datasets. The first is the vertical EC and
temperature profile measured during drilling. The EC and temperature profile readings
have been taken from 109 boreholes and measured at every 2 m depth interval at the
time of drilling lasting between the years 2010 and 2021. The depth of the boreholes
varies between 30 and 500 m. The second is the stable water isotope dataset (6°H,
6"80) measured on 47 water supply boreholes sampled from the subset of the 109 bore-
holes distributed along the highland lowland altitudinal transect of the study area. The 47
borehole water samples were taken in 2021 and 2022. The third is the ?*?Rn measured on
stream waters draining the study area. Lastly, we employed piezometric water level data
constructed from the static water level information recorded at the time of drilling.

We constructed a piezometric map using ArcMap 10.8 software by taking the static
water level of drilled boreholes to map the interconnection between surface water and
groundwater. R programming code was used to construct the various plots.

To organize the large dataset generated on the EC and temperature profile from the
109 boreholes, we systematically organized the data to show the vertical and lateral dis-
tribution of these parameters across the highland lowland transect regrouping the bore-
holes into seven aquifer regions (Becho, Sebeta Tefki, Addis Ababa city, South Ayat, Akaki,
Ada’a, and Alliadege) shown in Figure 2. The variations in the measured parameters were
investigated across the seven coherent aquifer regions. Each aquifer region is identified
by its local surface water catchment. Six of the aquifer regions fall in the upper Awash
Basin and one aquifer region falls distant from the six aquifer regions. The distant
aquifer region, (the Alliadege well field), located in the Middle Awash Basin, was included
in this analysis to investigate the presence of the regional groundwater flow discharging
several hundred kilometers away from the site of recharge.

To systematically evaluate the variations in isotopic signatures in the 47 boreholes in
terms of groundwater dynamics of different groundwater systems, we categorized the
boreholes from which the samples have been taken into different depth and location cat-
egories. The drilling depth has been categorized as shallow (< 150 m), intermediate (150-
300 m), and deep (> 300 m). Based on the locations where they are found in the basin, the
boreholes were clustered into three categories (upland, midland, and lowland). Variations
in isotopic composition were then investigated for the different clusters.

To investigate seasonal changes in groundwater dynamics and their connection to
surface waters, the water isotope data from the 47 boreholes and the **?Rn data on
stream waters were generated in two different seasons (dry and wet). We collected 47
samples in August 2021 for the wet season and 28 samples in March 2022 for the dry season.
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2.2.2. Tracers

The EC and temperature parameters were used in this study because of the apparent ease
of their measurement and the usefulness of these tracers in understanding groundwater
flow patterns. EC and temperature are proven tracers for their significant role in under-
standing the groundwater flow path [13,37]. EC has a direct relationship with total dis-
solved solutes [38], and an ionic concentration increases along the groundwater flow
path due to rock-water interaction and long residence time. Under normal conditions,
temperature increases with depth following the geothermal gradient [39]. Thus EC and
temperature could be good tracers for analyzing the interconnectivity between
different flow paths.

Isotopes of water molecules are very useful to understand the groundwater flow
system and provide information on hydrological processes and the source of ground-
water [40,41]. For this study, the isotope ratios of hydrogen (*H/H) and oxygen
('®0/'°0) are used to characterize the groundwater flow system of the upper and
middle Awash River sub-basins.

Radon-222 is a radioactive noble gas produced from radium-226 as part of the decay
series of uranium-238 to lead-206 [42]. *?Rn naturally occurs in higher concentrations
in groundwater. Since its half-life is only 3.82 days and degasses when exposed to the
surface, it is found in low concentrations in surface water bodies. It is the most reliable
radioactive isotope to investigate surface and groundwater interconnection [9,42-47].
In this study, the Radon snapshot survey during the dry and wet seasons was inte-
grated with the aforementioned tracers to investigate the connection between
surface and groundwater interactions influencing the general groundwater flow
system. In this regard, the ?*?Rn in situ measurements conducted along the main
course of the Awash River and tributaries inform whether groundwater recharged in
the highlands returns to the rivers or is distributed to the groundwater system
downstream.

2.2.3. Sampling and analysis

Hand-held devices (Hanna™ 98312) with automatic temperature compensation
accompanied by daily calibration were used to measure the EC and temperature of the
borehole waters during drilling.

The samples for isotope analysis were collected in 50 ml polyethylene sample bottles
from the boreholes having different depths ranging from less than 30 m to more than 500
m. The H/O isotope analyses were performed at the Center for Water Resources Research
laboratory, University of KwaZulu Natal, South Africa, using the Los Gatos Laser Isotope
Machine DLT100. The long-term standard deviation of the laboratory is 0.2 %o for §'20
and 2.5 %o for 6°H.

The 222Rn concentration was measured at 23 points (tributary streams and main Awash
River) using a RAD7 Electronic Radon Detector, fitted with a big bottle (2.5 L) system for
high sensitivity (Durrige Company Inc 2020) (Figure 2). The measurements were taken
both during the dry season (March 2021) and the wet season (July 2021). The detection
limit of the device is on the order of 40 Bq/m>. Counting is based on the principle of
liquid—-gas-membrane extraction [48]. An extraction module, which consists of hollow
vinyl fibers, allows radon stripping from the water of interest into a connected closed-
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air loop. The water temperature was measured to convert 2*?Rn in the air to 2*?Rn in
water. The overall standard deviation varies between 15 and 20 %, higher for low
radon content. Radon counting was conducted for a period of 1h in four cycles. The
first two readings were discarded and the average of the last two readings was taken
as the mean ?*?Rn composition of the specific water point.

To augment the EC, temperature, stable isotopes and 222R1 measurements, a ground-
water level contour map is produced to see the groundwater flow path and the gaining
and losing segments of the river reaches. Around 330 spatially distributed groundwater
level measurements were used to construct the piezometric surface using ArcMap 10.8
software with Inverse Distance Weighting (IDW) interpolation scheme. The groundwater
level measurement data is a one-time static water level data of the deep boreholes taken
before starting to conduct the well pump test.

3. Results
3.1. Electrical conductivity and temperature

The electrical conductivity (EC) and temperature measurements from 109 deep bore-
holes collected at 2 m depth intervals during drilling were plotted as a heatmap in
Figure 3. The average EC and temperature heatmap plots with depth were constructed
based on systematically taken measurements as listed from upstream to downstream
regions (Becho, Sebeta Tefki, South Ayat, Addis Ababa, Akaki, Ada’a, and Alliadege
well fields).

EC values show an increasing trend with depth and follow this trend in all areas except
in Addis Ababa, Akaki, and Alliadege well fields. For instance, in Addis Ababa city, the

Very Shallow(<30n IShallow(30-100m BDeep(100-250m] pry Deep(250-35( [SDeepest(>350m

Upland
4

Value
2000

1500

Site Name
g

1000
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Lowland

Electrical donduclwvly

Figure 3. Heatmap of the electrical conductivity (uS/cm) profile. The numbers in the brackets indicate
the number of boreholes from which the vertical profile records were taken.
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average EC value is higher at shallow levels at the depth of 30 m (884 uS/cm) probably
showing input from polluted surface waters into the shallow groundwater from the
urban and industrial sources. From 30 m up to 350 m depths, the EC value at Addis
Ababa follows a natural trend and gradually increases with depth, whereas in the deep
layers below 350 m, EC decreases to 320 uS/cm due to dilution.

Moving from South Ayat to Akaki an increase in EC is observed. Except for the relatively
high EC value at shallow depth in the Akaki well field (up to 30 m), EC increases with depth
in both well fields. EC is expected to get higher along the groundwater flow path from
upstream to downstream. Considering the Akaki well field located immediately down-
stream of Addis Ababa, this well field is expected to have higher EC compared to the
Addis Ababa region. However, EC values do not show an increasing pattern from Addis
Ababa to Akaki. The average value of EC measurements at Akaki located downstream
of Addis Ababa city showed lower values (735 uS/cm) compared with the average EC
value at Addis Ababa pocket wells (827 uS/cm). Ada’a area EC value is low and noticeably
different from the rest of the other well fields.

Further downstream at Alliadege plain, the boreholes drilled at the Alliadege well field
showed that the very shallow (< 30 m) groundwater system has slightly higher EC (1500
uS/cm) than the deeper system (1011 uS/cm). This implies there are two distinct ground-
water flow systems in the region recharged by different sources.

Temperature variation is observed with depth in all the locations except Ada‘a and
Addis Ababa (Figure 4). As expected due to the geothermal gradient, the temperature
is generally increasing with depth. At Ada‘a plain there is no significant variation in temp-
erature with depth (23.7°C). Uniquely at Addis Ababa, the temperature gradually
increases from the surface (13°C) to 350 m depth (24.3°C) and suddenly drops after

V. Shallow(<30m) Shallow(30-100m) | | Deep(100-250m) | |V. Deep(250-350m)| | Deepest(>350m)

Becho

(5)

Upland

Sebeta Tefki =
(5)

Temperature
()
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(25)
South Ayat 4

(21)

Site Name

Akaki =
(28)
Adaa

(10}

Lowland

Alidege 4

(15)

<

Temp:erature(“C)

Figure 4. Heatmap of temperature profile. The numbers in the brackets indicate the number of bore-
holes from which the vertical profile temperature records were taken.
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350 m (13.2°C). A similar pattern is observed from the EC measurement at Addis Ababa.
Fast-moving regional groundwater flow passing through highly permeable geological
formations referred to as hydrological windows [23] may cause low temperature and
EC in the deeper groundwater systems.

Except for the low-temperature anomalies noted at Ada’a (23.7 °C), the temperature
gradually increases as we move from the upstream Becho area (24.1°C) to the down-
stream Alliadege plain (35.1 °C).

At Sebeta Tefki, the temperature value is higher (25.5 °C) at shallow depth (< 30 m)
compared with the temperature from 30 to 100 m depth (24.2 °C). below 100 m depth,
the temperature follows the natural geothermal gradient. Geothermal hot springs are
roughly aligned northwest-southeast along the Ambo-Wenchi-Butajira lineaments
[49]. The lineaments are fed by dykes and aligned volcanic plugs which favor the for-
mation of hypothermal springs in the region [27]. Sebeta-Tefki area is located in this
region, and the high temperature is observed in the very shallow wells is related to the
hypothermal springs from the dykes and plugs.

3.2. Stable isotopes (20, *H)

The isotopic compositions of H/O from all samples show a general depletion in heavy iso-
topes ('20, 2H) compared with the weighted mean isotopic signature of rainfall at Addis
Ababa (Figure 5). The §'0 and 6°H of summer rainfall at the IAEA station in Addis Ababa
is —2.5 and -5 %o, respectively (http://isohis.iaea.org).

In both dry and wet seasons, the observed isotopic composition of all boreholes spread
horizontally regardless of the location (upland, midland, lowland) and vertically based on

Weighted mean at

Addis Ababa stati
5 - is a stal mn./ .

-10 . - I x
g 15 # Upland shallow
- T
@ B Upland dee;
= 30 - - aMidland shallow
o A WLGH=725"0+119) * Midland deep
w35 ¥ Lowland shallow

® Lowland des;
-30 -
-2 j T T T T T 1
7 6 =9 4 =3 -2 =1

840, ¥y, VSMOW

Figure 5. The §'80-8°H plot of the groundwater samples from the shallow (< 150 m), intermediate
(150-300 m), and deep (> 300 m) boreholes drilling depth compared with the weighted mean isoto-
pic composition of rainfall in Addis Ababa city.
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Table 1. The groundwater samples from the boreholes taken during the dry season for isotope
analysis (630 and §2H).

No. Lab ID Sample ID 580 %o 8%H %o Depth Area Location
1 W-1738 DBHK47 -33 -1 Shallow Becho Upland
2 W-1766 DBHK38 -35 -10 Deep

3 W-1771 DBHK48 -34 -10 Shallow

4 W-1745 DBHK39 -5 =27 Shallow

5 W-1769 DBHK46 -4.9 -26 Shallow

6 W-1739 DBHK41 -4.7 -21 Deep

7 W-1782 DBHK13 -59 =21 Deep

8 W-1757 DBHK15 -4.5 =21 Deep

9 W-1765 DBHK43 -4.3 -20 Shallow

10 W-1744 DBHK42 -35 -14 Shallow

1" W-1761 DBHK14 -39 -14 Shallow

12 W-1749 DBHK1 -3.6 -16 Shallow South Ayat Midland
13 W-1763 DBHK2 -4.6 -18 Deep

14 W-1773 DBHK3 -3.8 -16 Deep

15 W-1779 DBHK4 -4.2 -15 Deep

16 W-1762 DBHK5 -5.4 -24 Deep

17 W-1742 DBHK37 -5.1 -26 Deep

18 W-1743 DBHK40 -3.8 =17 Deep

19 W-1785 DBHK10 -59 -25 Deep Addis Ababa
20 W-1777 DBHK11 -24 -4 Shallow

21 W-1750 DBHK12 -4.9 -26 deep

22 W-1768 DBHK31 -4.6 -22 Deep

23 W-1746 DBHK32 -3.8 -13 Shallow

24 W-1767 DBHK33 -33 -14 Deep

25 W-1754 DBHK6 -3.8 -10 Shallow Akaki

26 W-1758 DBHK7 -3.1 -9 Shallow

27 W-1783 DBHK8 -3.6 -1 Shallow

28 W-1772 DBHK9 -33 -14 Shallow

29 W-1774 DBHK34 -37 -18 Deep

30 W-1764 DBHK35 -3.2 -18 Deep

31 W-1770 DBHK36 -5.2 -30 Deep

32 W-1780 DBHK23 -5.4 -25 Shallow Ada’a

33 W-1752 DBHK30 -2.2 -8 Shallow

34 W-1740 DBHK44 -4.3 =22 Shallow

35 W-1741 DBHK45 -24 -7 Shallow

36 W-1755 DBHK24 -5.8 -30 Shallow

37 W-1756 DBHK25 -5.6 -29 Deep

38 W-1776 DBHK26 -5.8 -32 Deep

39 W-1747 DBHK28 -5.4 -28 Deep

40 W-1748 DBHK29 -35 -18 Shallow

41 W-1775 DBHK16 -33 -12 Shallow Alliadege Lowland
42 W-1784 DBHK17 -4.7 -19 Shallow

43 W-1778 DBHK18 -3.1 -10 Shallow

44 W-1751 DBHK19 -33 -9 Shallow

45 W-1781 DBHK20 -4.9 -16 Deep

46 W-1753 DBHK21 -4.1 -14 Shallow

47 W-1759 DBHK22 -37 -9 Shallow

the drilling depth of the boreholes from which the samples were collected (shallow, inter-
mediate, deep) (Figure 5, Table 1).

The isotopic composition of both shallow (No 5 in Table 1) and deep (No 7 in Table 1)
groundwater samples at Becho well field showed low &-values. Both Akaki and Addis
Ababa well fields isotopic signature show enriched *H/'®0 signature on the Western
side and depleted signature on the Eastern side.

At Alliadege plain the isotopic composition of the shallow system is characterized by
high (mixing with from Awash River) and the deep groundwater by low §-values (due to
recharge from the adjacent escarpment).
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3.3. Radioactive isotope (?**?Rn)

The high #?Rn concentrations in the upstream part of the main Awash River show that
there is groundwater contribution to the river. Though smaller compared to the main
Awash River, the groundwater contribution is also observed in the upstream tributaries
(Figure 6). Unlike the upstream part of the river, which is gaining from the groundwater,
evidence for groundwater discharge into Awash River at Alliadege is lacking. The lower
end of the Awash river in the study area shows low ?*?Rn content. A similar pattern is
observed in both wet and dry seasons. However, as shown by the range of **’Rn concen-
tration, there is more groundwater contribution during the dry season (0-1500 Bq/m3)
(Figure 6) than in the wet season (0-500 Bq/m3) (Figure 6, Tables 2 and 3).

3.4. Groundwater level contour map

Hydraulic head patterns can be used to identify groundwater flow paths [13]. There are
several ways the shape of the hydraulic head contours can be examined to investigate
the relationship between the groundwater and surface water features. Besides the power-
ful use of radon as groundwater tracers, one of the analyses is by looking at the shape of
the hydraulic head contours adjacent to a river to identify losing and gaining river con-
ditions. Besides, widely spaced hydraulic head contours indicate the focused recharge
area due to highly permeable formation [13]. Accordingly, the hydraulic head contours
constructed using ArcMap 10.8 software with groundwater level data records from
more than 330 wells show the groundwater flows from the Northern and Eastern escarp-
ments towards the rift.

There may be uncertainties in the piezometric map (Figure 7) constructed from
unevenly distributed water wells. However, some conclusions can be drawn from the

Table 2. *?Rn in-situ measured values in different water sources during the dry season.

Locality UTME UTMN 222gn, Bq/L Source
Ginchi 400482 999171 318.7 Spring

Ginchi 404232 998125 354.7 Awash main river
Wolenkomi 416279 995470 240.2 Stream

Meti 429166 997165 65.6 Stream

Kore 417489 988936 53.1 Awash main river
Holeta 446133 1003882 91.1 Stream

Bantu 430751 951845 488.2 Stream

Jawaro kora 433416 959506 660.2 Borehole

Awash Belo 435097 978088 24 Awash main river
Melka Kunture 456231 962375 20,4814 Borehole

Melka Kunture 456505 962163 1467 Awash main river
Boneya 460900 976902 22,701.1 Spring

Legetafo 486762 1001259 87.3 Stream

Legedadi 492113 1004605 113 Stream

Akaki 476236 980995 384 Stream

Akaki 471917 984042 1 Stream

Modjo 512216 950283 357.2 Stream

Meki 502212 929184 220.8 Awash main river
Koka 517568 936294 65.7 Awash main river
Wonji 525291 937127 126 Awash main river
Awash Melkasa 536744 928425 118 Awash main river
Beseka 600916 982375 39.9 lake

Awash 7 629117 993984 20 Awash main river
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Table 3. *?Rn in situ measured values in different water sources during the wet season.

Location UTME UTMN 222Rn, Ba/L Source
Ginchi 404089 997852 107 Awash main river
Wolonkomi 416186 995306 61.8 stream

Kore 417433 988934 182 Awash main river
Meti 428728 997244 429 stream
Addisalem 440007 1001102 187 stream

Berga (Jalo) 433938 1021386 82 stream

Holeta river 446133 1003882 97.4 stream

Asgori 426967 971988 136 stream

Teji 435097 978088 112 Awash main river
Melka Kunture 456505 962163 467.8 Awash main river
Melka Kunture 456231 962375 1287 Borehole

Boneya 460858 974217 210 stream

Legedadi 492112 1004620 18 stream

LLAPW6 499681 1008600 1165 Borehole
SANFPW14 481124 989901 610.2 Borehole

Aba Samuel Lake 467718 971109 119 Awash main river
Modjo River 512300 951295 7.67 stream

Koka inlet 502212 929184 2.44 Awash main river
Wonji 525291 937127 39.3 Awash main river
Awash Melkasa 536744 928425 27.3 Awash main river
Metehara 601183 978438 17.5 Awash mail river
Awash 7 629117 993984 6.62 Awash mail river
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960000
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1000000
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Figure 7. The groundwater contour map showing the wider hydraulic head contours at the Akaki and

the Ada’a well fields.
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figure. Groundwater contours show a flow pattern following the general topography. The
hydraulic gradient is high in most parts of the area. However, the wider curvature of the
head contour (low hydraulic gradient) observed at Ada’a and Akaki is an indication of local
recharge (Figure 7) and results from the high hydraulic conductivity of the Quaternary
basalts underlying the areas. The wider hydraulic head contour map shows that the
Akaki and Ada’a areas become locally recharged by highly permeable formation mirroring
the evidence from the EC and the isotopic composition. The convergence of contours to
the streams in the highland areas (around Addis Ababa) reveals groundwaters dischar-
ging into the streams.

4. Discussion
4.1. Groundwater flow dynamics

The stable isotope results of the research area taken from different well fields located at
highland, midland and lowland show that there may be more than one flow system in the
region of each of the well fields, not only one continuous regional groundwater flow con-
necting the highland recharge zones to the lowland discharging points [26,29,30,50] (see
i.e. Figure 7). But, rather dominated by a mix of both regional groundwater flow from the
highlands and compartmentalised shallow groundwater aquifers replenished by local
recharge.

The isotopic composition at Becho shows a depleted *H/'20 signature of both deep
(No 7 in Table 1) and shallow (No 1 in Table 1) boreholes, indicating the Becho aquifer
is connected to the regional groundwater flow system. The low EC value from the
shallow to the deep groundwater system is also consistent with the depleted heavy H/
O isotopes at Becho. Becho area is a flood plain characterized by thick silt and clay
soils (5-15m) [27], which may impede local groundwater recharge. The involvement of
local recharge contributing to the upland region seems insignificant.

The midland part of the investigated area (Legedadi, South Ayat, Addis Ababa, Akaki,
and Ada’a (Bishoftu and Mojo area)) signifies a groundwater flow system of hetero-
geneous nature. The western side of Akaki and Addis Ababa city showed a more enriched
2H/'80 (Figure 8). This indicates that the aquifer is mainly recharged by local rains and
streams. The isotopic signature of most of the boreholes drilled on the western side of
Addis and Akaki is plotted close to the weighted mean isotopic composition of rainfall
in Addis Ababa city (Figure 8) signifying local recharge by rains and the streams.

The lower EC value at the deeper groundwater system (below 350 m depth) in Addis
Ababa may reflect a lateral inflow of groundwater from the highlands through fractured
bedrocks (could be connected with regional recharge source), while the upper ground-
water system (above 350 m depth) following the natural trend of EC with depth could
be recharged by a local source. This may be due to a distinct groundwater recharge
source for the upper and lower aquifer system. In the meantime, the relatively low
average EC value recorded in Akaki area than in the upstream of it (Addis Ababa area)
could be the result of a disconnected groundwater flow system from the plateau
towards the rift.

Aquifers in Bishoftu show high 6'80/6°H-values compared to the South Ayat, an area
immediately North East of Bishoftu but separated by the large Yerer Trachyte dome. The
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Figure 8. The §'80-6°H plot of the borehole samples taken from the eastern and western sides of
Addis Ababa (AA) and Akaki.

difference in isotope pattern may indicate the disconnection between the two aquifer
systems. The regional flow from the highland on the western side was revealed to be hin-
dered by Trachytic domes forming local groundwater divides [26].

The average EC value of boreholes at Ada’a entirely shows a signature of groundwater
dilution (500 uS/cm) in all the groundwater systems regardless of depth. This shows the
groundwater recharge is mainly from local sources. The stable isotopic signature of
groundwater samples from the deep boreholes at Mojo in the Ada’a plain indicated
low 6'80/62H-values. This implies that the Mojo aquifers are connected to recharge orig-
inating from the highlands as regional subsurface flow.

There are two distinct groundwater flow systems in the lowland Alliadege plain. The
shallow boreholes’ isotopic composition indicated high 6'80/5°H-values (No 43 in
Table 1), whereas the deep boreholes showed low 6-values (No 45 in Table 1). The
high isotopic composition of shallow groundwater at Alliadege could be due to the
mixing of the groundwater with the Awash River. The mix of the lower Awash River
with the groundwater is manifested by the relatively high isotopic signature down-
stream at Alliadege. The isotopic signature of Awash River shows enriched '®0/%H
[47]. However, compared with the well fields upstream (No 38 in Table 1), the deep
groundwater system of the Alliadege plain shows high 6'80/6%H-values (No 45 in
Table 1). This could be related to the short distance travel of water from the adjacent
escarpment. The relatively low EC value (1011 uS/cm) of the deep groundwater regis-
tered at Alliadege also confirms the low residence time. Our ?*Rn measurements
proved that the lower Awash River is a losing river to the groundwater where Alliadege
plain is located. The low ?*2Rn concentrations (2000 Bq/m?) in the downstream part of
the main Awash River is an indication that the groundwater is recharged by the river.
The head contours downstream of Awash River also showed a curvature pointing in
the downstream direction due to the mounding induced by groundwater recharge
from the Awash River.
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Even though the deep groundwater portrays an isotopically enriched, unlike the
depleted isotopes (No 19 in Table 1) on the eastern side of Addis Ababa and Akaki
where the deeper system is connected to the continuous regional flow from the
plateau, and the deep groundwater at Alliadege is comparatively enriched (No 45 in
Table 1). Besides, the EC measurements of the lowland at Alliadege show a decreasing
pattern with depth. The higher EC (1533 uS/cm) at shallow depth is due to leaching
from the top layer (alluvial lacustrine deposit). The deeper groundwater showed lower
EC values (1011 uS/cm). The low EC and relatively enriched isotopes reflect the ground-
water may not travel a long distance, but rather recharged by very close recharge
zones from the adjacent escarpments. Had the lowland deeper groundwater system
been recharged from the regional groundwater flow, the EC measurements would
have resulted in higher EC as a result of long-distance travel and high residence time.
Kebede [27] has also confirmed that the shallow groundwater in this region is recharged
by seepage from the Awash River and the subsurface inflow from adjacent highlands.

4.2. Groundwater recharge zone protection

The isotope analyses and EC measurements proved that the investigated area is charac-
terized by both shallow groundwater systems fed by local recharge sources and deep
systems connected to the regional flow from the plateau. The shallow groundwater
systems (i.e. Addis Ababa, Akaki, Ada'a (Bishoftu, Mojo)) are located where the land use
and land cover are dominantly urban settlements and industrial zones. The conversion
of farmlands and shrublands to high urbanization and industrialization is also noticed
in the past couple of decades [35].

Addis Ababa city and Akaki areas are highly polluted areas due to poor waste manage-
ment practices from urban and industrial sources [51]. This poor waste management prac-
tice leads to the contamination of shallow groundwater points by anthropogenic
pollutants. The pollution is manifested by higher EC of shallow boreholes at Addis
Ababa pocket wells (884 uS/cm) and Akaki (837 uS/cm). The potential conversion of farm-
lands to urban settlements and industrial zones in the Ada'a plain (Bishoftu and Mojo
areas) poses a threat to the shallow groundwater resources.

4.3. Implications for water resource management and climate resilience

The impact of drought on groundwater security has received much less attention [52].
However, climate variability and change influence groundwater systems [53,54]. Accord-
ing to Lapworth et al. [55], shallow aquifers containing young groundwater are most
susceptible to inter-annual climate variability whereas older water is resilient to
current climate change. MacDonald et al. [56] also stated relatively deeper (boreholes)
are more climate-resilient than shallow (springs and hand-dug wells) groundwater
systems.

In this study, both EC measurements with vertical profiling of depth and systematically
taken water samples for isotope analyses from the well fields aligned along the upland to
the lowland areas were used to distinguish the shallow and deep groundwater systems.
The shallow groundwater systems in most of the areas are dependent on local recharge
sources and the deep systems are recharged by groundwater transfer from the highland.
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The scale of groundwater recharge is very important to characterize the resilience of
groundwater supplies to both increased abstraction and climate change [57].

Especially in the hotspot areas (Addis Ababa, Akaki, and Ada’a) where high ground-
water abstraction occurs for domestic and industrial uses [22], both shallow and deep
systems supply the ever-increasing demand. The shallow groundwater systems are evi-
denced by 80/2H enriched signals at Addis Ababa (No 20 in Table 1), Akaki (No 26 in
Table 1), and Ada’a plain (No 33 in Table 1).

According to Demlie et al. [28], a groundwater level decline has already been observed
in the Akaki well field. Since the shallow systems are more vulnerable to climate change
and variability [54,55], more stress may be imposed on the groundwater supply sources
for the major urban settlements and industries in the future.

5. Conclusions

This study characterizes the groundwater flow systems based on recorded vertical
profiling of EC and temperature with depth in 2 m intervals. We have systematically orga-
nized sampling for isotope analyses taken from shallow (< 150 m), intermediate (150-300
m), and deep (> 300 m) groundwater drilling depths at upland (Becho area), midland
(Addis Ababa, Akaki, Bishofu, Mojo), and lowland (Alliadege plain) regions of the upper
and middle Awash River sub-basins. Dry and wet seasons 2?Rn in-situ measurements
and piezometric evidence were also used to supply the EC, temperature and analysis of
stable water isotopes.

The evidence from the multiple methodological approaches shows that the Awash
River cannot simply be represented by a singular and continuous flow system connecting
the highland recharge zones to the lowland discharging points. Rather, the groundwater
flow system is characterized by a spectrum of flow systems including (i) both shallow and
deep aquifers dominantly recharged by the regional groundwater flow from the plateau
(Becho area), (ii) aquifers, where the shallow systems are compartmentalised (largely
recharged by local sources), and the deep systems, connected to the regional ground-
water flow (Legedadi, eastern side of Addis Ababa and Akaki), and (iii) deep groundwater
systems recharged by the adjacent escarpments (Alliadage plain). As shown by enriched
'80/2H signature in groundwater and piezometric evidences, the shallow groundwater
system at Alliadege is recharged by the Awash River.

Except for the upland (Becho area), and deep groundwater systems in the midland and
lowland, most of the shallow groundwater prospect sites in the investigated area are
recharged by local sources. These important local recharge zones such as Addis Ababa
pocket wells, Akaki well fields, and Ada’a plain are located in highly urbanized areas
and where there is an expansion of industrial zones. Since these well fields are the
water supply sources of major settlements and industries in the region, the highest atten-
tion should be given to protect the groundwater resources from potential contamination.

The heterogeneity of the groundwater flow systems in the volcanic aquifers of central
Ethiopia should be carefully noted to properly conceptualize and define the boundary
conditions in the hydrological and hydrogeological models. In this study, both aquifers
connected to the continuous flow from the plateau and locally recharged compartmen-
talised shallow aquifers are observed with noticeable variations in the shallow and deeper
groundwater systems.
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