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Abstract

The fractured volcanic aquifer of the Abaya Chamo basin in the southern Ethiopian Rift represents an important source for water
supply. This study investigates the geochemical evolution of groundwater and the groundwater flow system in this volcanic
aquifer system using hydrochemistry and environmental tracers. Water types of groundwater were found to transform from Ca-
Mg-HCO; (western part of Lake Abaya area) to Na-HCOj3 (northwestern part), from the highland down to the Rift Valley.
Silicate hydrolysis and Ca/Na ion exchange are the major geochemical processes that control groundwater chemistry along the
flow path. Groundwaters are of meteoric origin. The 5'%0 and 5D content of groundwater ranges from —4.9 to —1.1%¢ and —27 to
5%, respectively. The 5'®0 and 8D values that lie on the summer local meteoric water line indicate that the groundwater was
recharged mainly by summer rainfall. 8'*Cpyc values of cold groundwater range from —12 to —2.7%o, whereas 5'*Cp;c of thermal
groundwater ranges from —8.3 to +1.6%o. The calculated 613Cc02(g) using 5'*Cpyc and DIC species indicates the uptake of soil
CO, for cold groundwater and the influx of magmatic CO, through deep-seated faults for thermal groundwater. In the western
part of Lake Abaya area, the shallow and deep groundwater are hydraulically connected, and the uniform water type is consistent
with a fast flow of large gradient. In contrast, in the northern part of Lake Abaya area, water underwent deep circulation and slow
flow, so the water types—e.g. high F~ (up to 5.6 mg/L) and Na*—varied laterally and vertically.
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Introduction

Volcanic aquifers constitute major water resources in many parts
of the world, including France (Bertrand et al. 2010), Portugal
(Cruz and Silva 2001; Prada et al. 2016), Israel (Dafny et al.
2003), Mexico (Carrillo-Rivera et al. 2007; Ochoa-Gonzalez
et al. 2015), Brazil (Gastmans et al. 2016), India (Kulkarni
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et al. 2000), South Korea (Koh et al. 2009), Cameroon (Ako
et al. 2013) and Kenya (Olaka et al. 2016). Particularly in
Ethiopia, groundwater originating from volcanic terrain serves
as a vital source for water supply (Demlie et al. 2008; Kebede
et al. 2010); however, the potential of groundwater varies signif-
icantly owing to the complex geological condition of the volca-
nic rocks. Many volcanic rocks possess extremely heterogeneous
structure and are chemically more reactive, due to the existence
of fine particles and the abundance of vitreous matter (Asai et al.
2009), which results in complex flow and lithogenic contami-
nants in groundwater including F and As (Cordeiro et al. 2012;
Vivona et al. 2007). Despite its potential for variation, ground-
water in the volcanic aquifers will continue to be exploited.
Studies on volcanic aquifers have been carried out in rela-
tion to the aspects of groundwater recharge (Demlie et al.
2007), origin and flow dynamics (Bertrand et al. 2010;
Bretzler et al. 2011; Demlie et al. 2008; Kebede et al. 2008;
Mechal et al. 2016; Rango et al. 2010), water quality (Ayenew
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2008; Cordeiro et al. 2012; Furi et al. 2011; Gizaw 1996;
Rango et al. 2008; Reimann et al. 2003), water—rock interac-
tion, (Darling et al. 1996; Dietzel and Kirchhoff 2002; Koh
et al. 2017), geochemical evolution (Alemayehu et al. 2011,
Cruz and Franga 2006; Gastmans et al. 2016; Vaselli et al.
2002), groundwater age (Ako et al. 2013) and source of dis-
solved carbon (Bertrand et al. 2013; Cartwright et al. 2002).
Nevertheless, characterization of the groundwater flow system
and geochemical evolution of volcanic aquifers is
hydrogeologically challenging. This is mainly due to the het-
erogeneity and anisotropy of volcanic aquifers that resulted
from the accumulation of lava and pyroclastic flows, the frac-
turing of volcanic rocks, different degrees of weathering, and
the disruption of lithologies by tectonic activity (Kebede et al.
2008; Moller et al. 2016).

The Ethiopian Rift System is a classic example of a conti-
nental rift where recent and active deformation, as well as
volcanic activity, has occurred. As a consequence of the tec-
tonic activity, the typical rift morphology is well developed
and widespread basaltic and rhyolitic volcanic activity has
occurred since the Miocene (Corti 2009; WoldeGabriel et al.
1990). This in turn has resulted in highly variable topography
and climate within short distances, and highly variable strati-
graphic sequences (both vertically and laterally) that are dis-
sected by faults. The interplay of tectonic and volcanic activ-
ities in the Ethiopian Rift System resulted in complex
hydrogeological settings (Haile and Abiye 2012), where there
exists: large heterogeneity of aquifers (e.g. variable water
levels) in short distances (Ayenew et al. 2008; Furi et al.
2010; Kebede et al. 2010; Rango et al. 2010); spatial variation
of fluoride in groundwater (Chernet et al. 2001; Rango et al.
2008; Reimann et al. 2003; Tekle-Haimanot et al. 2006); geo-
thermal anomalies (Haile and Abiye 2012) and a laterally
discontinuous aquifer (Kebede et al. 2008). Similarly, aquifer
productivity and water-table depth differ significantly over
short distances (Ayenew et al. 2008; Furi et al. 2010). A sound
understanding of the hydrogeological setting is therefore re-
quired for an adequate development of groundwater resources
in the Ethiopian Rift.

In the past few decades, hydrogeological studies mainly
focused on the central Main Ethiopian Rift. Groundwater flow
dynamics and hydro-geochemistry (Bretzler et al. 2011;
Demlie et al. 2008; Kebede et al. 2005; Rango et al. 2010),
and fluoride distribution (Ayenew 2008; Tekle-Haimanot
et al. 2006) and its relationship with dental and skeletal fluo-
rosis (Rango et al. 2012; Tekle-Haimanot and Haile 2014;
Wondwossen et al. 2004), were investigated in the central
Main Ethiopian Rift. In contrast, the existing hydrogeological
investigations in Abaya Chamo basin of the southern Main
Ethiopian Rift, have involved reconnaissance surveys limited
to groundwater resource investigations (Halcrow 2008; JICA
2012; UNDP 1973) and study of the limnology of Abaya and
Chamo Lake (e.g Zinabu et al. 2002). Only recently, Haji et al.
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(2018) employed hydrochemistry to assess the fluoride en-
richment mechanism; yet very little is known about the de-
tailed hydrogeology of the area. In the present study, ground-
water in a volcanic aquifer of the southern part of the Main
Ethiopian Rift (MER), the Abaya Chamo Lake Basin, was
investigated focusing on the groundwater origin and geo-
chemical evolution. The selected area represents the south
western flank of the MER where geological formations, tec-
tonic structures and relief features are highly complex and
characterized by wide climate variation ranging from humid
in the highland to semiarid on the rift floor (Haji et al. 2018).

Hydrochemical and isotopic information on groundwater
has been widely used to understand complex groundwater
flow systems (Bretzler et al. 2011; Mechal et al. 2016; Qin
et al. 2017) in response to tectonic structure, lithologic varia-
tion and climate condition. Stable isotopes (5'%0 and 8D) can
be used as tracers of groundwater origin, mixing of waters of
different origins, and recharge conditions and flow pathways
(Clark 2015; Négrel et al. 2016), and ideal tracers for deter-
mining groundwater flow paths, as they are an intrinsic com-
ponent of the water molecule (Qin et al. 2017). §'C is com-
monly used in groundwater studies and its analysis serves as a
powerful tool for identifying carbon sources and fluxes be-
cause the carbon reservoirs have distinctively different isotope
ratios (Genereux et al. 2009; Koh et al. 2017). On the other
hand, major ion chemistry helps to define chemical reactions,
acquired by water—rock interaction, that control groundwater
composition (Ahmed and Clark 2016; Belkhiri et al. 2012;
Gastmans et al. 2016). Combining hydrochemistry and envi-
ronmental tracer data allows for constraining groundwater
flow paths and geochemical evolution and is also helpful to
identify different groundwater flow systems.

The purpose of this study is to investigate groundwater
geochemical evolution and the origin of groundwater in vol-
canic areas and to establish a conceptual hydrogeological
model in the study area. To facilitate this, multiple isotopes
(5'3C, 5'%0 and 5D) in conjunction with hydrochemical data
were used. These efforts were integrated with the interpreta-
tion of information on the lithologic and hydrologic setting of
the area, to establish a hydrogeological conceptual model con-
sidering both groundwater flow paths and chemical evolution.

This report reports the first determination of the origin and
geochemical evolution of groundwater in the southern part of
the Main Ethiopian Rift, Abaya Chamo basin, using multiple
environmental tracers (613C, 5'%0 and 0D) and
hydrochemical information. On the basis of these data, this
report documents the (1) geochemical processes associated
with the groundwater (2) groundwater origin (3) source of
dissolved inorganic carbon and (4) groundwater flow system
in the fractured volcanic aquifers of western Abaya Chamo
basin. It is anticipated that this study will provide valuable
information about the hydrogeology of this complex volcanic
aquifer system which could be useful for the sustainable
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management of its groundwater resources. For future
hydrogeological research, the present study would be helpful
in improving the understanding of groundwater origin, geo-
chemical evolution, flow processes and quality distribution.

Geological and hydrogeological aspects
of the study area

The study area (5°25'0"-8°5'0" N latitude and 37°16’
00"-38°40'0" E longitude) is located on the western
margin of the southern MER, extending from the south-
ern coast of Lake Abaya to the town of Arkit, as shown
in Fig. 1. The study area has a semiarid climate on the
rift floor and humid climate in the eastern and western
highlands. The annual rainfall in the rift varies widely
from around 800 within the rift to 1,500 mm in large
parts of the highlands. In the lowland of Arba Minch, in
the vicinity of Lake Abaya, the mean annual rainfall is
880 mm. The mean annual rainfall in the western high-
land is as high as 1,541 mm. A bimodal rainfall pattern
(March-May and July—October) is found in the study
area. The average monthly temperatures on the rift floor
and the high-elevation plateau (highland) are 22 and
14 °C, respectively.

In addition to sediments and lacustrine deposits, the basin
is covered by Tertiary and Quaternary volcanism. The oldest
volcanic rocks (Oligocene to middle Miocene) are found in
the study area. The volcanic rocks are distributed considerably
in the highland and slightly in the rift floor (Corti et al. 2013).
These volcanic rocks comprise of basaltic lava flows and
inter-stratified ignimbritic beds, covered by massive rhyolites
and interfering tuffs and basalts (NB in Fig. 1). The basaltic
rocks are intensely jointed and weathered and are mainly ex-
posed around Chencha highlands. The radiometric ages range
from 45 to 27 Ma in the basalts and from 37 to 27 Ma in the
rhyolites (Ebinger et al. 1993; WoldeGabriel et al. 1991;
Zanettin et al. 1978). Rift volcanic rocks (Pliocene) are com-
monly found in the rift floor and highlands, which consists of
peralkaline pantelleritic ignimbrites with subordinate
unwelded tuffs, ash flows, rhyolites, and trachytes, as shown
with label NQS in Fig. 1. The units of pyroclastic rocks in the
area are found to be similar to those in the northern and central
MER (Corti et al. 2013). The radiometric age of4.2-2.5 Ma is
obtained for these units in the study area (WoldeGabriel et al.
1990). The large flows of trachytic lava from Damota volcanic
centre overlie the Nazareth pyroclastic rocks (ND in Fig. 1).
The trachytic lava is of late Pliocene and 2.9 Ma age
(WoldeGabriel et al. 1990). In Pleistocene, volcanic sediments
over the rift floor are formed with alluvial and pumiceous tuff
that contains rhyolite and welded tuff fragments, lacustrine
strata, and minor basalt flows (Corti et al. 2013;
WoldeGabriel et al. 1990; Zanettin et al. 1978; QVS in Fig.

1). Pyroclastic materials are mainly Quaternary eruptive from
vents such as Hobitcha (Chernet 2011) and Corbetti (Rapprich
et al. 2016). The youngest volcanic units (Pleistocene-
Holocene) are associated with obsidian flows, ignimbrite,
pumice, rhyolitic flows and domes, pyroclastic surge deposits,
scattered basaltic lava flows and spatters cones (QV in Fig. 1).
Basaltic lava and scoria cones are distributed along NNE
trending faults (Chernet 2011; Corti et al. 2013).
Radiometric dating of 1.57 Ma was reported for the rhyolite
taken from the inner caldera rim of Hobticha (Chernet 2011).
More recent Quaternary volcanic units crop out in the area,
which mostly occupies the land between Lake Abaya and
Duguna (QB in Fig. 1). The Quaternary volcanic units are
made up of basaltic lava flows, scoria, and phreatomagmatic
deposits that are associated with the recent fault systems af-
fecting the Rift Valley, usually referred to as the Wonji Fault
Belt, WFB (Ebinger et al. 1993); Rooney et al. 2011; Zanettin
etal. 1978). The most recent deposits in the area are Holocene
sediments, which consist of lacustrine and fluvial sediment
deposited by Lake Abaya and two major rivers (Bilattic and
Gidabo), respectively (QL in Fig. 1). A lacustrine delta of a
few kilometers is widely spread in the northern part of Lake
Abaya area. The thickness of sediments varies from § to 20 m
around the confluence of Bilate River and Lake Abaya.

The aquifers of the basin are characterized by fractured
volcanic rocks, sediments and lacustrine deposits of Tertiary
and Quaternary age. Quaternary deposits in the rift floor form
shallow aquifers, with water yield that varies between 3 and
14 L/s (Alemayehu 2006; Kebede 2013). The yield in the
Quaternary fissured volcanic aquifers varies from 2 to 5 L/s
(Alemayehu 2006; Ayenew et al. 2008; Kebede et al. 2016).
Weathered volcanic rocks together with locally inter-bedded
gravels and alluvial deposits form the water-yielding zones in
the upland area. The alluvium-lacustrine sediments, particu-
larly in the upper Bilate River, have medium to high perme-
ability and productivity, where the groundwater wells can
yield up to 9 L/s with varying water tables from 1.5 to 50 m
(Kebede 2013). Water-bearing units in the Lake Abaya area
are primarily composed of fractured and weathered basalts,
ignimbrites, and lacustrine and alluvial sediments. The depth
of the water table varies with an increasing trend from the
highland towards the rift floor. The depth of the static water
level in the highland and escarpment ranges from just below
the land surface to approximately 40 m, while on the rift floor
it can reach up to 290 m below ground level (bgl). The volca-
nic terrain of Ethiopia is characterized by the occurrence of
numerous springs that yield between 2 L/s (in dry areas) and
250 L/s (Alemayehu 2006). Springs at the foot of the escarp-
ment are largely representing shallow and deep groundwater
flows, e.g. Arbaminch Spring yields 250 L/s (Alemayehu
2006). The use of groundwater in the southern Main
Ethiopian Rift is hindered by its poor water quality, which is
associated with elevated fluoride concentrations that exceeds
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Fig. 1 Simplified geological map
of the Abaya Chamo basin
(compiled and modified from
Corti et al. 2013; Molin and Corti
2015) and cross-section X—X'.
General legend: 1 (QL): lacustrine
deposit; 2 (QB): recent basalt; 3
(QV): rhyolitic volcanic complex;
4 (QVS): rift floor pyroclastic de-
posits; 5 (ND): damota trachyte; 6
(NQS): Nazareth pyroclastic
rock; 7 (NB): pre-rift basalt; 8
(PR): Precambrian basement; 9:
faults; 10: lake; 11: river; 12:
cross section; 13: town. Legend
for sample symbols (colored cir-
cles with sample number): 14:
shallow well; 15: deep well; 16:
cold spring; 17: hot spring; 18:
river water and 19: lake water
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1.5 mg/L (Haji et al. 2018). In relation to active fault zones,
many thermal springs emerge in the area, particularly in the
tectonically active rift floor of the northern Abaya Lake.
The thermal springs discharge within the rift floor along
the NNE-SSW-trending faults (Minissale et al. 2017)
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that emerge at varying elevation. Thermal springs in
the northern Abaya Lake area are characterized by a
temperature ranging from 35 to 95 °C and Na-HCO;
type (Craig et al. 1977; Minissale et al. 2017) with a
TDS in the range of 1,000-2,500 mg/L.
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Methodology
Sampling and analytical techniques

This study is based on water sample analysis together
with the utilization of existing geological and
hydrogeological information. An effective water sam-
pling campaign was undertaken through the area for
hydrochemical and isotope analysis. The selection of
the sampling locations took into consideration the pres-
ence of a complex water flow system, where cold water
and thermal springs are found together. As shown in
Figs. 1, 71 water samples were collected from supply
wells, springs, rivers and lakes for the study. In brief,
13 samples were collected from shallow wells (10—
60 m), 31 samples from deep wells (60-360 m), 11
samples from cold springs, 8 samples from hot springs,
3 samples from rivers and 5 samples from lakes.
Samples were taken from supply taps, or as close as
possible to the well head while the pump runs to ensure
the sampling of primary groundwater. Duplicate samples
were collected for the analysis of major ions and iso-
topes. Samples were stored in new 100-ml polyethylene
bottles for major ions and 100-ml glass bottle for
83Cpic, 680 and 8D analysis. Water temperature (T),
pH and electrical conductivity (EC) were measured in
situ using a portable multi-functional water quality ana-
lyzer (Multi 3430) that was calibrated before use.
Major ions (Ca®*, Mg?*, Na*, K*, SO,*", CI', F and
NOj;") concentrations were measured using ion chromatogra-
phy (Dionex Dx-120). Alkalinity was measured on the

883 Ceop = -

C18"Cpic—[H2C05] (eco, n,co,) + [HCO5] (eco, neco; ) + [CO5?] (5coz—co;2)

sampling day by Gran titration using 0.05 M HCI. The accu-
racy of water analyses was checked by utilizing charge bal-

ance error (Charge balance error% = % X 100)

(Appelo and Postma 2005; Clark 2015). Based on the repro-
ducibility of replicate samples, the analytical precision is
found to be within 5% in all water samples except for lake
water that showed a difference of 11%. 8D and §'*0 were
measured on a laser absorption water isotope spectrometer
analyzer (Picarro L2120-i). All 8D and 5'%0 values are
expressed relative to the Vienna Standard Mean Ocean
Water in %o and the measurement precisions were 0.5 and
+0.2%o for 5D and 5'%0, respectively. The carbon isotopic
compositions of the samples were determined using a stable
isotope ratio mass spectrometer. Carbon isotopic composi-
tions are expressed as the d notation relative to Vienna Pee
Dee Belemnite (VPDB) and the analytical reproducibility is
+0.2%o for 8"*Cpjc. The samples were analyzed in the
Laboratory of Groundwater Dating, Institute of Geology and
Geophysics, Chinese Academy of Sciences.

Gaseous §'3Cc; calculation

The variation of 5'*Cp;c is due to temperature- and pH-
dependent fractionation factors between §3Cconr and
613CDIC species (H,CO5;, HCO3 , and CO327). It is pos-
sible to relate the 5'°C of the CO, source to 8> Cpyc in
groundwater. Having the fractionation factors in mind, it
is possible to calculate the initial signature of the CO,
source which dissolved in water using the fractionation
equation of (Deines et al. 1974):

[H2C0;]ag + [HCO; Jay + [CO3*

where, (H,CO3*)=molality of dissolved CO, and car-
bonic acid (H,COj3), (HCO;3 )=molality of bicarbonate
ion; (CO32_)=molality of the carbonate ion; Crp (total
carbon) = (H,CO5*) + (HCO3 ) + (CO5%7); «y = fraction-
ation coefficient of H,CO3*-CO, (g) reaction; o = frac-
tionation coefficient of HCO5; -CO, (g) reaction; ay=
fractionation coefficient of CO; >-CO, (g) reaction and
represents the fractionation factor (% vs PDB) of the
indicated species with gaseous CO,,

The '°C fractionation factor between DIC species
and gaseous CO, is calculated using the following equa-
tions at isotope equilibrium (Vogel et al. 1970; Mook
et al. 1974; Deines et al. 1974):

(1)

€ Ceon(ag-coa(e) = 10°Ia®Ceon (ag)-con(e)

=—-0.373(10°T ") +0.19 (2)
¢ Chco,-coyy = 10°Ina*Crico3-coze)

=9.552(10°T™")-24.10 (3)
and
El3Cc03—c02<g) = 10°Ina*Ceos-con(y)

=0.87(10°T%)-3.4 (4)
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Results
Physical parameters

In situ parameters such as pH, temperature and EC, together
with analytical data for the major ions and isotopes in the
groundwater samples, are presented in Table 1. The measured
EC of all sampled water varies from 86 to 2,150 uS/cm. It is
found that water samples taken from shallow wells, springs
and rivers have low mean EC value (<500 puS/cm), whereas
water samples taken from deep wells, hot springs and lakes
have a mean EC value >500 uS/cm. The pH value ranges
from slightly acidic to nearly alkaline (5.4-8.5) in groundwa-
ter wells, hot springs and river water, whereas the lake water
has a pH in the range of 7-10.1. The measured temperature of
all water samples ranges from 19 to 81 °C. Some shallow
wells (A8, Al1, and A12) have anomalous groundwater tem-
peratures of 38.7, 34.5 and 33.7 °C, respectively, and the
remaining shallow wells have a value of 21-26 °C.
Groundwater from deep wells has a temperature in the range
of 1940 °C with a mean value of 26.7 °C. Deep wells A16,
A21, A29, and A39 have anomalous temperatures of 34, 40,
31, and 33 °C, respectively, while the rest of the deep wells are
in the range of 19-29 °C. All water samples from hot springs
are characterized by a temperature of 35-81 °C. The study has
found that there is gradual increase of temperature, EC and pH
from the highland to the rift floor.

Major ions

The relative distributions of dissolved major cations and an-
ions show variability in the area. It is found that groundwater
of the study area has Na* ions as the dominant cations, follow-
ed by calcium. High relative Na* content of groundwater is
mostly associated with the deep aquifer, whereas high Ca>*
has prevailed in groundwater from the shallow aquifer. The
impact of cation concentration is found more than with anion
concentration in the groundwater. Ca®* and Mg?* are the dom-
inant cations of groundwater in the highland, whereas Na* and
K* are dominant cations of groundwater in the rift floor.
Dissolved anions of the groundwater are strongly dominated
by HCO5 ", followed by CI” and SO4*". Based on the obtained
hydrochemical data, the groundwater samples are classified
into different groups as: Ca-Mg-HCO;, Ca-Na-HCO3;, Ca-
Na-Mg-HCO3, Na-Ca-Mg-HCO;, Na-Ca-HCO; and Na-
HCOg;; however, the dominant water types are Ca-Mg-
HCO3, Na-Ca-HCO; and Na-HCO;.

Sulfate concentration ranges from 0. 1 to 652 mg/L and
chloride concentration ranges from 0.97 to 611 mg/L in all water
samples (Table 1). There is a considerable amount of sulfate in
hot springs and lakes, while chloride in some shallow wells and
springs. NO5 ™ concentration ranges from 0.20 to 73.9 mg/L for
all water samples. The highest amount of NOs content is
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observed in deep wells, e.g. A35 and A40, with concentrations
of 18.08 and 63.57 mg/L, respectively. Water samples from
springs A47, A49 and AS53 have NO; concentrations of
19.84, 73.9 and 23.24 mg/L, respectively. There is also a large
amount of NO;  in water from shallow wells such as Al, A6,
and A9, with concentrations of 69.5, 24.9 and 27.9 mg/L, re-
spectively. The F concentration ranges from 0.09 to 57.4 mg/L
for all water samples. In the shallow aquifers, the F concentra-
tion varied between 0.09 and 1.51 mg/L with a mean value of
0.78 mg/L. All groundwater from shallow wells had F concen-
trations below 1.5 mg/LL (WHO drinking-water quality guide-
lines) except A2 which has a value of 1.51 mg/L. Groundwater
samples from the deep aquifers had F~ concentrations ranges
from 0.48 to 5.61 mg/L. It is found that more than 70% of the
deep groundwater has F~ concentrations in excess of the WHO
standard for drinking water (1.5 mg/L) and are mainly located
around the town of Halaba. One water sample (A52) collected
from a spring around the town of Bodity contained 1.66 mg/L of
F, whereas elevated F concentration was also observed in all
hot springs, up to 57.39 mg/L (A56).

820 and 8D

The isotopic ratios of 6'%0 and 8D of groundwater and surface
water from Abaya Chamo basin are presented in Fig. 2 along
with the Global Meteoric Water Line (GMWL), the Addis
Ababa Meteoric Water Line (AAMWL) and the mean weighted
summer rain at Addis Ababa station (6'%0 = —2.56%o). It appears
that all the groundwater samples plot close to the AAMWL. The
5'%0 and 8D values of surface water (rivers and lakes) range
from about —2.9 to 8%o and —4.9 to 51%o, respectively. It is
observed that lake water samples plot below the GMWL and
the AAMWL on a regression line (LEL; 6D =4.845'%0 +
8.54). On the other hand, groundwater samples show a range
of 4.9 to —1.1%o for 5'%0 and —27 to 5.3%o for 5D. Based on
the obtained isotopic ratios, two groups of groundwater in the
Abaya Chamo basin were identified. Group I is enriched with
5'%0 value of 0.8 to —3.4%0 VSMOW and D value of 11.6 to
—12.7%0 VSMOW, which are identified in the water samples
collected from shallow wells, deep wells, cold springs, and hot
springs. Group 1L is depleted, with 5'*0 values of —3.8 to —4.9%c
VSMOW and 8D value of —18 to —27%0 VSMOW. The 5'°0
values are found even lower than the average summer 5'%0
value of Ethiopian rainfall, which are identified in the water
samples collected from deep wells in the town of Halaba and
surrounding villages northeast of the study area.

61 3CDIC

5"3Cpjc values of all water samples range from —12.0 to
+1.6%0 (VPDB; Table 1). Groundwater samples from shallow
wells and cold springs show a depleted composition of
613CD1C in the range of —6.7 to —12%o; however, groundwater
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samples from two shallow wells (A4 and A5) have a value of
—2.2 and —1.5%o, respectively. Groundwater from the deep
wells has a wide range of 5'3C values (—2.7 to —10.9%0). All
water samples from hot springs are enriched in 5'*C and have
anarrow range (—2.3—1.6%o), except A63 which has a value of
~8.3%0. 63 Cpyc shows an increasing trend with the increase
of DIC concentration; in particular, there is a strong correla-
tion at high DIC (>6 mmol/L) and high §'°C (> —4%o) as
shown in Fig. 3a, which is related to the evolutionary trend
existing between rising pH and increasing HCO;  content as
shown in Fig. 3b. Water samples from cold springs show low
pH and HCO; , as well as a depleted 83 signature, whereas,
groundwater samples from the rift floor and hot springs have
higher pH and HCO5~ and show a more enriched & "*C sig-
nature. The highest §'°C enrichment was measured in thermal
groundwater originating from the northern part of Lake Abaya
arca (Abaya geothermal field). Also, the samples of thermal
groundwater display the highest HCO;  concentrations.
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Discussion

Groundwater chemical composition and its spatial
variation

Groundwater samples from the Abaya Chamo basin show a
clear spatial hydrochemical distribution. There are distinct dif-
ferences in hydrochemistry found between the highlands and
the Rift Valley, and between the deep and shallow aquifer
systems, as shown in Fig. 4b. Groundwater samples that were
collected from the western part of the Lake Abaya area are
predominantly Ca-Mg-HCO; type, whereas groundwater sam-
ples that were collected from the northwestern part of the area
are predominantly Na-HCO; type. In 17.1% of the total water
samples, it is observed that hydrochemical facies are dominated
by Ca-Mg-HCOj; with the mean value of EC being 400 uS/cm.
These characteristics are associated with the shallow system, in
which circulation occurs in the basaltic and alluvial aquifers
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Fig. 3 Relationships between a stable carbon isotopes (5'*Cpyc) with DIC of the water and b pH and HCO5~ of sampled groundwater
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Fig. 4 a Piper diagram and b map showing the spatial distribution of hydrochemical facies and 5'¥0 content of groundwater in the basin. Note: the

legend for colored areas of the background map is given in Fig. 1

that are mainly distributed in the highland part of the study area.
Ca-Mg-HCO; water types are most probably a result of inter-
action with basaltic rocks and alluvial deposits where the main
composition of basalt is Ca and Mg. Ca-Mg-HCO; and Ca-
HCO; groups represent groundwater either at the early stages
of geochemical evolution (recent recharge) or within a system
of rapidly circulating groundwater (Adams et al. 2001; Kebede
et al. 2005; Marini et al. 2000). Hydrochemical facies dominat-
ed by Ca-Na-HCOj3; with EC ~420 uS/cm are mainly distribut-
ed in the escarpment of the study area, which is characterized
by intercalations of acidic volcanic rocks. These characteristics
relate to 15.8% of the total water samples. The interaction that
occurs between groundwater and weathered and fractured rocks
rich in Ca- and Na-plagioclases leads to the formation of Ca-
Na-HCOs; type water. The other facies groups constitute Na-
Ca-HCO; and Na-HCO; water types, which are mainly en-
countered in the northwestern part of the study area. These
two hydrochemical facies are found in 67.1% of the total water
samples. Groundwater from deep wells show Na-Ca-HCO5/
Na-HCO; water type with an increase in EC (mean
~560 pS/cm) pointing to longer residence times and increased
water—rock interaction.

Geochemical processes controlling groundwater
chemistry

Different geochemical processes occur during rock—water in-
teraction, which include dissolution/precipitation, ion ex-
change, hydrolysis, oxidation and reduction (Elango and
Kannan 2007; Li et al. 2015). The hydrolysis of silicate rocks
is a key geochemical process, which controls the major ions of
the groundwater chemistry and results in the release of Ca”",
Mg®*, K* and Na* and HCO; ™ into the groundwater (Appelo
and Postma 2005; Clark 2015).

Silicate minerals are the main component of the volcanic rock
aquifers in the study area. The hydrolysis of silicate is controlled
by the uptake of CO, in the study area (Darling et al. 1996). The
bicarbonate content is found to be related to concentrations of
dissolved cations, as in the following reactions given:

CaALSi;05 + 3H,0 4 2C0,—AlSi,05(OH), + Ca** +2HCO;  (6)
2NaAlSizOg + 3H,0 + 2C0,—AL S, Os(OH),, + 2Na™ + 2HCO; + 4H4Si04

(7)
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Fig. 4 (continued)

The correlation of cationic species [Ca®" + K* + Mg®*
+Na*] and [HCO5 ] suggests that the cations are balanced
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mainly by the bicarbonate anion as shown in Fig. 5a.
Similarly, the relationship between Ca®* + Mg?* and HCO;~
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Fig. 5 a Plot of (Ca** + K* + Mg?** +Na*) and (HCO; "), b plot of (Ca®* + Mg®*) and (HCO5 ) and ¢ plot of CAI-II vs. CAI-I

helps to distinguish between carbonate weathering and silicate
weathering. The ionic concentration falling above the equiline
occurs due to carbonate weathering, whereas ionic concentra-
tion falling below the equiline occurs due to silicate
weathering and the dominance of HCO;™ over Ca®* and
Mg** (Elango et al. 2003). The plot of Ca** + Mg?* vs.
HCO;5 shows that all water samples fall below the 1:1 line
as shown in Fig. 5b. The relationships obtained from the two
plots suggests that silicate hydrolysis is the most governing
hydrochemical process and the main source of these ions in
the groundwater. Thus, this process has increased the cationic
concentration and bicarbonate ion contents in the groundwater
of the study area.

The cationic exchange between Na* and Ca”* is an impor-
tant natural process with significant influences on groundwa-
ter chemistry. The two chloro-alkaline indices CAI-I and CAI-
II were used to investigate the occurrence of cation exchange
reactions in this area as suggested by Shoeller (1967). These
two indices are expressed as Egs. (8) and (9) (all ions are
expressed in meq/L).

[Cl-(Na + K)]
Cl
[CI-(Na + K)]
SO4 + HCO3 + CO3 + NO;

CAI-T = (8)

CAI-II =

©)

As shown in Fig. Sc, nearly all groundwater samples re-
sulted in negative values for both indices. This clearly indi-
cates that cation exchange takes place between Ca®* in the
water and Na* in the aquifer material. The outcome shows
that shallow groundwater and cold water springs appear
scattered in the narrow range for CAI-I and CAI-II, while deep
groundwater of the Abaya Chamo lakes basin reveals a very
wide variation in these two indices, as shown in Fig. 5c. From
the obtained results, it is inferred that deep groundwater was
affected by various degrees of the cation exchange process.
The cation exchange also resulted in the high Na*/Ca®* ratio
of deep groundwater in the rift floor (0.44—12.37) compared to
that in the shallow groundwater (1.02—4.13) of the highland
and escarpment. This clearly indicates that there is an increase
in cation exchange in the central basin, where significantly
elevated Na*/Ca®* ratios and sodium contents are observed.

Mineral stability diagrams were used to assess
groundwater—rock equilibrium. In order to study the equilib-
rium of groundwater with silicate, mineral balance diagrams
of K*-H"-Si0,, Na*~H*-Si0, and Ca**~H"-SiO, were
employed (Fig. 6a—c). The obtained results show that all sam-
ples lie within the kaolinite and montmorillonite stability field.
Almost all the samples plotted within the montmorillonite
field belong to the deep groundwater and hot springs, while
those plotted in the kaolinite field of stability are mainly from

@ Springer



1230

Hydrogeol J (2021) 29:1219-1238

19 a

Anorthite
17
15 :

11 Gibbsite

Amorphous silica \

0 Kaolinite

Log [Ca/[H'P

Oshallow GW
ODeep GW
3 © Cold spring

@®Hot spring

-6 -5 -4 3
Log [H,SiO4]*

Muscovite

Quartz

7 Microcline

Amorphous silica

Gibbsite

Log [K*J[H']
w
o
g0
o

Kaolinite

Oshallow GW
ODeep GW

© Cold spring
@ Hot spring

-3

-6 -5 -4 3 2
Log [H,Si0,]*

13| b
Albite g Ei
3 =
11 =4 2
=
=3
=
£
£
z® <
= Gibbsite
e Gy,
E Z \
5 Kaolinite
Oshallow GW
3 ODeep GW
© Cold spring
®Hot spring
1 AN

3 -5 -4 3 2
Log [H,Si04]*
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shallow groundwater and cold springs. This clearly indicates
the existence of two different flow systems; thus, the dissolu-
tion of primary silicates like plagioclase is an ongoing process
to form secondary silicates like kaolinite and montmorillonite.
On the other hand, kaolinite and montmorillonite clay min-
erals act as exchange media for cations. Reactions involving
dissolution-precipitation of volcanic rock, as well as adsorp-
tion and ion exchange related to clay minerals, significantly
influence the change in major ion composition of the ground-
water; hence, this resulted in the high concentration of ions
that are observed in groundwater of the deep aquifer (e.g. Na*,
HCO; and F, see Table 1).

Origin and circulation of groundwater

The isotopic compositions (5'%0 and §D) of the groundwater
samples are distributed around the mean summer §'*0 and 5D
composition of the Ethiopian rainfall. The mean weighted
value of 5'®0 of summer precipitation at Addis Ababa obtain-
ed from the International Atomic Energy Agency (IAEA) re-
cords is —2.56%o. In the Abaya Chamo basin, the isotopic
composition of groundwater (6'*0 and 5D) very well repre-
sents the average isotopic composition of Ethiopian summer
rainfall as recorded at the Addis Ababa IAEA station. The

@ Springer

similarity of 5'®0 content between groundwater and
summer rainfall indicates that the recharge occurs main-
ly from summer rainfall.

The isotopic signature of the groundwater samples shows a
spatial variability across the study area as shown in Fig. 4b.
From the highland to the rift floor, except in hot springs, there
is a general progressive enrichment in the §'*0 and 5D values
of groundwater in the western part of Lake Abaya area. This
trend suggests the importance of evaporative fractionation be-
fore the process of recharge and the percolation of shallow
groundwater into deep aquifers. It is observed that there are
high amounts of NO3™ coupled with high CI" content in the
western lowland groundwater of Lake Abaya area, and this is
evident from the analytical results of water samples A35, A40,
and A44. The observed high content of NO;  indicates perco-
lation of shallow groundwater into the deep aquifer.

The variation that occurs in the values of §'*0 and 5D in all
hot springs does not fit into the progressive enrichment trend.
Depletion of §'*0 and 6D content occurs in the hot spring
waters, and these samples also show similar values to that of
the groundwater in the highland of the western part, which
indicates that the main source of recharge of the thermal water
is the groundwater from the highland. Also, cold shallow
groundwater in the lowland of western Lake Abaya and the
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cold deep groundwater in the highlands show similar 5'*0
values. This suggests that the groundwater inflow from the
mountains is the principal source of recharge in the rift plain
of the western Lake Abaya area, in addition to sporadic rain-
fall recharge. In general, there is similarity in the stable isoto-
pic compositions of shallow groundwater, deep groundwater,
rivers and rainwater, suggesting a good hydrological connec-
tion in the study area, particularly at the western part of Lake
Abaya area.

Groundwater in the area of the northern part of Lake Abaya
shows progressive depletion of §'%0 from the highland to the
rift floor, as shown in Fig. 4b. The depletion of 5'0 in
groundwater in this part is also accompanied by increasing
trends in EC, F and HCO; . The successive accumulation
of ions and depletion of 5'°0 is indicative of deep groundwa-
ter flow and long residence time. Groundwater samples such
as A19, A20, A21, A22, and A24, were taken from the deep
wells located in the northeast of the town of Halaba, and these
show strong depletion in 5'%0 and 5D with respect to modern
rainfall and other groundwater samples of the area. Such
strong depletion of the deep groundwater occurs due to an
altitude effect or a climatic effect. Assuming conservative be-
havior of the stable oxygen isotope (Clark and Fritz 1997), the
relationship between 5'%0 values and altitude was established
(Fig. 7). The analysis of cold spring data indicates that there is
a decrease in 5'%0 of 0.09%¢ per 100 m rise in elevation,
which is similar to the —0.1%o shift per 100 m rise in elevation
reported by (Kebede et al. 2005) for the northwestern
Ethiopian Plateau. Taking into account the relationship of
5'80 and altitude of —0.09%¢/100 m, the mean recharge alti-
tude for such depleted groundwater is calculated to be 3,700 m
above sea level (asl); however, the main surrounding reliefs
reach, at most, an altitude close to 3,500 m asl. Hence, no
matching is found between the estimated altitudes of the po-
tential recharge areas and the elevation of the aquifer
recharged in the study area; therefore, the altitude effect is

0 500 1000 1500 2000 2500 3000 3500

3.5
Elevation (m)
Fig. 7 Cold spring 5'®0 vs elevation. The linear trend shows an isotopic
gradient of —0.09%0 per 100 m rise of elevation in meters: 5'%0 =
—0.0009 x elevation —0.6422 (R* =0.74)

not responsible for this depletion. It is likely that the occur-
rence of depleted isotopes in groundwater can be attributed to
a deeper aquifer that was recharged under different (e.g.
colder) climatic conditions with respect to the present day,
thereby justifying the isotopic values obtained. This is in ac-
cord with depletion of stable isotopes caused by climatic
change as recorded in lake sediments (Lamb et al. 2007).

Isotopic signal of groundwater recharge

Using groundwater samples as a basis of comparison, Fig. 8
compares the §'%0 compositions of the southern Main
Ethiopian Rift (Abaya Chamo basin and Gidabo River basin)
with that of the northern Main Ethiopian Rift (upper and middle
Awash River basin) and western margin of the Main Ethiopian
Rift (Akaki River catchment). The spatial variation of isotopes
reflects the climate differences of the regions. Groundwaters of
the Abaya Chamo basin, Gidabo River basin and Akaki catch-
ment plot above the GMWL and they have the highest d-excess.
It is found that groundwaters of Awash River basin plot below
the LMW and to some extent below the GMWL. The obtained
data indicate that the groundwater undergoes a process of re-
charge from local modern rainfall, whereas those points that plot
below the LMWL and GMWL show that the groundwater un-
dergoes a clear evaporative fractionation prior to recharge. The
isotopic compositions of the groundwater samples of Abaya
Chamo basin and Gidabo River basin follow a line defined by
the dataset of the nonevaporated summer rains at Addis Ababa,
whereas the groundwater samples of Akaki River catchment plot
above or below the LMWL defined by the entire record dataset
of monthly rains at Addis Ababa. Groundwater from the upper
and middle Awash River basin plot below the LMWL defined
by the entire record dataset of monthly rains at Addis Ababa. The
stable isotope composition of water is essentially conservative at
ambient temperatures during passage within the aquifer. The
proximity of the dataset to different trend lines can be explained
by the importance of rainfall recharge to the aquifer. If recharge
conditions derive totally from the recorded rain of all time,
groundwater should follow a line parallel to the one defined by
the monthly rain at Addis Ababa; however, groundwater from
the western ACB rather follows a line that defines summer rain at
Addis Ababa. Meanwhile, the 5'%0 and 8D plots for southern
Ethiopia’s groundwater (western ACB) fall along a trend line
with an R* value of 0.95 and the equation of 6D =8.7 §'%0 +

15.7, which is very similar to the summer LMWL (8D =

8.16'%0 + 14.6). This suggests that groundwater recharges main-
ly from summer rainfall in southern Ethiopia, and the isotopic
composition of heavy rainfall events appears to be a better indi-
cator of the input isotopic signal for groundwater. This highlights
the necessity to consider changing rainfall intensities in the as-
sessment of climate-change impacts on groundwater recharge in
southern Ethiopia.
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Source of 8§"3Cp,c and its significance with respect to
the groundwater flow system

The wide range of 5'*Cpyc in groundwater reflects multiple
carbon sources, which also accounts for the higher Pcq, (par-
tial pressure of carbon dioxide) of groundwater. The 613CDIC
value shows that groundwater is likely to include magmatic
CO, where such a wide range of 53Cpc could not be
accounted for by biogenic CO, from the soil zone. The calcu-
lated §"*Ccos values range from —19.4 to —0.80%0 (see
Table 1) and display a marked dependency on dissolved car-
bon concentrations, as shown in Fig. 9. This clearly indicates
varying levels of geochemical evolution, different carbon
sources and the existence of different flow systems. The water
samples from the shallow wells and deep wells have 53 Ccon
values in the range of —19 to —8%o, whereas the water samples
of hot springs have 5'*Ccq, values in the range of —1%o to
~11%0 (VPDB). The calculated §'>Ccopn (e Vvalues of water
samples from shallow wells and cold springs range from
—11.4 to —19.4%c0 which overlap within the range of soil
CO,. This indicates that the DIC is mainly derived from the
soil zone of C3 and C4 plants. The §'°C value range of soil
dominated by C3 plants is —27 to —23% and the 5'°C values
of soil dominated by C4 plants is between about —10 and —
14%o (Cerling and Harris 1999; Clark 2015). The values of
53Ccon (o are higher than those of biogenic CO, in the water
samples of shallow wells A4 and A5, which could be due to
the presence of some atmospheric CO,. At present, the 5'°C
value of atmospheric CO, is about —8%o (Clark 2015).
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The 8'*Co; (4 Values of groundwater samples taken from
deep wells, with the range of —10 to —19%o, show the intake of
a typical soil carbon source by C3 and C4 plants and it is
evident in the observed §'°Cpc values. However, high tem-
perature, F~ and EC and heavier 6 BCeon () content are found
in the groundwater samples of A19, A20, A21, and A22,
taken from deep wells. This clearly indicates the occurrence
of strong water—rock interaction, long residence time and lack
of mixing with water from other sources. The highest enrich-
ment of '>C was observed in hot springs originating from the
northern Lake Abaya geothermal field. Similarly, the highest
EC and HCOj3 concentrations were observed in samples of
the thermal water of the study area. The observed elevated
HCO; concentrations are attributed to another carbon diox-
ide source which reacts with the rock matrix and hence pro-
duces DIC. The obtained values of §'*Cco, for these samples
are in the range of —0.8 to —8%o. Such a value of 5'*C indi-
cates that, beside soil CO,, magmatic carbon may be an addi-
tional CO, source. The typical §'*C values of CO, from mag-
matic origin range from —8 to —5%o (e.g. Hoefs 2009) and the
isotopic fractionation between CO, in magma and CO, gas
can enrich gaseous CO, by about 2%o. Accordingly, the value
of §"*C in the hot springs is in general agreement with the
isotopic composition of CO, from the magmatic origin.

The spatial distribution of 5'*0, 5'3C and hydrochemical
variation in the basin suggests that different flow systems
exist. As shown in Fig. 10, the difference in the spatial distri-
bution of §'0 and 6D, and the correlation between 5'%0 and
5'°C, clearly indicates that there is a slow movement of
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groundwater through the volcanic aquifer in the northern part
of the study area. Lighter 5'%0-bearing water is expected to
have heavier §'°C values, particularly for groundwater with
long residence time, reaction with the aquifer matrix and lack
of significant mixing with water of a different source.
Similarly, heavier 5'®0-bearing water is expected to have
lighter 5'°C values that are affected by soil carbon dioxide
during shallow recharge. Groundwater in the northern part is
probably hydraulically compartmentalized because of occur-
rences of barrier faults. In addition to barrier faults, volcanic
rocks do not form extended aquifers and have deep static
groundwater levels, to 294 m depth—for example, groundwa-
ter 5 '®0 and §'°C values of closely spaced wells lying at
similar water-level elevations are different, suggesting possi-
ble lack of hydraulic connection. There are also differences in
the isotopic and chemical compositions of groundwater to the
west and east of the Bilattie River. However, in the western
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Fig. 10 Plot of 5"3C of gaseous carbon dioxide of water vs 5'%0
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part of Lake Abaya area, due to the intense fracturing of rocks,
it is assumed that there is a connection between shallow and
deep circulating groundwater. In order to verify the connec-
tion between two systems, 5'%0 versus §'°C were plotted, as
shown in Fig. 10. Samples with label GII were collected from
the northern part and samples with label GI were collected
from the western part of Lake Abaya area. In the absence of
connection, the deep groundwater samples are expected to
differ from shallow groundwater samples with respect to
5'%0 and 5'3C signatures; however, the plot shows that the
580 and 6'°C values of deep groundwater samples are sim-
ilar to those of shallow groundwater and cold spring water.
This shows the existence of connection between the deep
groundwater and the shallow groundwater within the rift floor.

Conceptual hydrogeological model of the area

Based on the groundwater geochemistry, isotopic composi-
tions, and the lithological and geological structure, a concep-
tual model was established that shows the patterns of ground-
water circulation and evolution in Abaya Chamo Basin.
Weathered and fractured basalts and ignimbrites are the major
aquifers in the highland and escarpment, whereas the main
aquifers in the rift floor are composed of a mixture of pyro-
clastic flows (ignimbrite and pumice) or alluvial and lacustrine
deposits. The area comprises a series of NNE-SSW trending
horst and graben structures and normal faults running parallel
and subparallel to the NE-SW trending main rift axis.
Recharge mainly takes place in the mountains and upper es-
carpment and gradually drops towards the center of the rift
floor due to the decreasing rainfall rate. The combination of
steep slope and geological features (highly fractured and
weathered volcanic rocks) favor the infiltration of water in
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the highland. The difference in topography and elevation be-
tween the highlands and the rift floor favor the formation of
local and deep flow systems. Small local ridges on the rift
floor generate a shallow groundwater flow system and create
local groundwater divides that conform to the surface-water
divides. In the highland and escarpment, parts of the water
recharged to the shallow groundwater flow system discharge
to the nearby depressions contributing to the base flow of
streams and springs. The remaining water moves to the deep
groundwater flow system that is directed towards the rift floor
as shown in Fig. 11. Groundwater flow is controlled by a
series of normal faults mainly oriented parallel and subparallel
to the NE-SW trending rift axis. This is clearly seen by pro-
gressive increase in spring discharge from the highland to the
rift floor and the existence of wetlands and swamps, and

suggests that the faults have a role in the occurrence of springs
and in draining groundwater from the highland to the rift floor.

In the western part of Lake Abaya area, the §'*0 compo-
sition of groundwater shows irregular spatial variation and
slight mineralization (EC up to 250 uS/cm), suggesting a
dominance of the local recharge over the deep regional flow
component. In this part of the study area, some of the ground-
water from deep wells contains high concentrations of NOs,
which suggests the downward percolation of water from the
shallow groundwater flow system. The groundwater from the
dissected highland enters into the valley, and the intermittent
streams that drain the highland recharge the aquifer, which in
turn resulted in the percolation of evaporated runoff, and con-
sequently there is spatial variation in §'*0 distribution. The
hot spring waters in the western part of Lake Abaya area show
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Fig. 11 Schematic cross section showing the hydrogeological conceptual model of the Abaya Chamo basin: a western part of Lake Abaya area and b
northern part of the basin. The location of the cross-sections and their view direction are shown in Fig. 1
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similar stable isotopic (6'%0) values to those of the ground-
waters from the plateau in the west. The similarity of stable
isotopic composition is observed in shallow and deep ground-
waters, river water and rainwater, which suggests there is a
good hydrological connection in the Abaya and Chamo lake
basins, particularly in the western part of Lake Abaya area. It
is observed that the local and regional groundwater flow is
from W-E towards Lake Abaya.

In the northern part of the study area, the 5'¥0 composition of
groundwater shows progressive depletion from highland to the
rift floor. Likewise, significant changes in the concentration of
the major ions occur in the flow direction of the northern part of
the study area. The changes that occur along the flow direction
include a progressive increase in temperature, EC, Na, F and
HCO:;, starting from the mountains and travelling to the rift floor,
with anomalous temperature and F around the town of Halaba
and surrounding villages. The increase in groundwater tempera-
ture and major ions mirrors the increase in residence time and
deep circulation. The groundwater temperature of the town of
Halaba and surrounding villages is higher than the average tem-
perature which is 27 °C, which suggests there is connection of
these waters to deep regional groundwater circulation. This is
consistent with their highly depleted 5'*0 and 5D isotope con-
tents. Groundwater of shallow wells and deep wells on the west-
ern side of Bilattie River are relatively enriched in isotopic com-
position and slightly mineralized with uniform temperature
(mean temperature 24 °C and mean F~ 0.6 mg/L). This indicates
relatively good aquifer recharge, and the pore space has been
flushed frequently to form slightly mineralized groundwater;
however, groundwater samples east of the river are depleted in
isotopic composition and they are highly mineralized (e.g. mean
temperature 32 °C and mean F~ 4.2 mg/L), which suggests slow
movement of groundwater, long residence time, deep-seated cir-
culation, and only a small amount of precipitation that recharges
the aquifer. On the other hand, this shows the role of normal
faults in controlling groundwater flow systems. As Bilate River
is rift-controlled (Molin and Corti 2015), compartmentalization
of the flow system on the western side and eastern side is favored.
Likewise, the other faults in the area favor the upward flow of
deep thermal water along the fault zone, exemplified by high
temperature and fluoride. This can be supported by the evidence
shown on cross-section B-B' in Fig. 11b.

Conclusion

The spatial and temporal distribution of volcanic rocks, their
structural relationship, and the abundance of heterogeneous
reactive minerals makes the geochemical evolution and
groundwater circulation in the rifted volcanic terrain of
Ethiopia very complex. The present study has demonstrated
that the application of hydrochemical data, together with
multi-isotopic techniques, enabled the groundwater chemical

evolution to be characterized and the groundwater cir-
culation in the volcanic aquifers of Abaya Chamo basin
to be schematized.

The hydrochemistry of groundwater in the basin is largely
explained by the geochemical processes of silicate hydrolysis
and cation exchange. The hydrochemical signature shows the
spatial variation in ionic concentration, where Na* is the dom-
inant cation and HCOj5' is the dominant anion. From the high-
land towards the Rift floor, groundwater evolves from Ca-Mg-
HCOj type to Na-HCO; type. Groundwater samples collected
from the western part of Lake Abaya area are predominantly
Ca-Mg-HCO; type, while those collected from the northern
part of the area are predominantly Na-HCOj; type.
Groundwater composition is directly related to water—rock
interactions, mainly due to the dissolution of silicate minerals
in the presence of CO», leading to the release of Na*, K¥,
Mg>*, Ca®*, and HCO5 to the groundwater.

Groundwater of the study area is of meteoric origin, with
the range —4.9 to —1.1%0 VSMOW for §'%0 and —27 to 5%
VSMOW for §D. The 5'0 and 5D content of groundwater in
the basin lies on the summer LMWL, which indicates that the
groundwater is mainly recharged by summer rainfall.

5"3Cpyc values of all water samples range from —12.0 to
+1.6%0 (VPDB). The &' 3CCO2(g) content was calculated using
5'*Cp;c and the measured hydrochemical parameter HCO5
and it clearly indicates that (1) biogenic soil CO, is a dominant
source of dissolved inorganic carbon (DIC) in the low mineralized
groundwater and (2) thermal water had mostly mantle-derived
magmatic CO,. A low 813C oo value was found in groundwater
from the western part of Lake Abaya area, and enriched 8Ceon
was found in the northem part of the study area.

Two regional groundwater flow systems were established
based on analysis of 5'%0, §'*Cpic and major ions.
Regardless of the geological framework, the variability of
the chemical composition of groundwater samples from the
northern part is significant; in the western part of Lake Abaya
area, the chemical content of groundwater becomes homoge-
neous and the concentrations are smaller than in the northern
part. Groundwater samples along the northern part of the areca
contain low 5'%0, enriched 613C, and high F, and the spatial
differences in 5'%0, 5'°C and major ions suggest sluggish
groundwater movement, including local compartmentaliza-
tion of the flow system. In the western part of Lake Abaya
region, shallow and deep groundwater flow systems are con-
nected from highland to lowland areas, by considering consis-
tent 5'®0 values and major ion contents throughout the area.
Groundwater in the western part of Lake Abaya area shows
low 86"3Cco, values, which reflects the high contribution of
local recharge through the soil layer, mixing of water with
different sources and fast circulation.

Integration of data on multiple isotopes and solutes in
groundwater with interpretation of the volcanic stratigraphy
reveals the complicated patterns of water—rock interactions
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and circulation in the volcanic aquifers. This study has impli-
cations for understanding groundwater flow dynamics as well
as chemical evolution of groundwater in volcanic aquifers,
which are major sources of drinking water in many parts of
the world. The conceptualization of the flow system
established in this study is expected to play a vital role in
finding suitable sites for future groundwater development
within the Abaya Chamo basin.
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