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Abstract The study of groundwater recharge and of flow
systems is crucial to understand availability and sustain-
ability of groundwater resources. This study uses hierar-
chical cluster analysis (HCA) and various graphical plots of
hydrochemical and isotopic data to examine groundwater
recharge and the dynamics of flow system in the Dawa River
basin. HCA has classified the water samples into five dis-
tinctive clusters. Clusters I, I, and III represent the volcanic
and most parts of the basement terrain. These clusters are
distinguished by low EC, high percentages of HCO3;™~ and
Caz+, Mg”, or Nat, and dominantly (Ca, Mg, Na, K)—
HCO;-type water. Cluster IV contains sulfate-type water
with high percentage of Ca®* + Mg*" and represents sed-
imentary terrain. Cluster V, characterized by high EC and
abundant Na™ and SO42_ + Cl17, is sited at few locations
along dry riverbeds. In the basement terrain, the chemical
composition of groundwater varies greatly over short dis-
tances. In most parts of the basin, groundwater contains
elevated levels of tritium at amount comparable to local
rainfall. These chemical characteristics supported with tri-
tium data indicate the dominance of groundwater of local
flow systems, short residence time, and modern recharge in
the basin. Stable isotope data indicate that in the semi-arid
region, recharge occurs from high-intensity rainfall.
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Difference in 8'®0 and 8°H between the northern and the
southern and southeastern groundwater supports distinct
recharge sources and the absence of regional groundwater
flow between the two regions. Converging evidences reveal
that the traditional regional groundwater flow model which
is common in most large river basins of Ethiopia does not
hold true in the Dawa River basin.
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Introduction

Groundwater flows from recharge to discharge areas at local,
intermediate, and/or regional scales whereby the scale of
flow is determined by topography and hydraulic character-
istics of underlying rocks (Téth 1963; Bugliosi 1999).
Understanding groundwater flow patterns is significant in
locating groundwater of optimum quality (Toth 1984) and
quantity (Furlong et al. 2011). Regional flow is important to
supply lowland aquifers (Todd and Mays 2004; Kebede et al.
2007) and, therefore, valuable for the occurrence of good
quantity groundwater particularly in semiarid and arid cli-
matic areas where local recharge is believed to be scant
(Bisson and Lehr 2004). Understanding aspects of ground-
water recharge is also crucial for successful groundwater
resources development and management program (Danskin
1998). Methods available to determine groundwater flow
patterns include investigating groundwater levels and
groundwater flow modeling (Zhou and Li 2011). Ground-
water flow patterns and nature of groundwater recharge can
also be characterized through study of hydrochemical pattern
(Ophori and Toth 1989; Dalton and Upchurch 1978; Kebede
et al. 2005) and environmental isotopes (Kebede 2013).
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The Dawa River basin of southern Ethiopia is charac-
terized by complex geologic setting expressed by a diver-
sified lithology and structural framework attributable to the
basin’s location in the region of multiple phases of volcano-
tectonic events (Woldehaimanot and Behrmann 1995;
Worku and Schandelmeier 1996; Hunegnaw et al. 1998).
Typically, the basement complex is laterally emplaced in the
middle parts of the basin between the highland volcanic
rocks in the northwest and the lowland extensive sedimen-
tary formation in the southeast. Owing to geological com-
plexity, locating groundwater of good quantity and quality is
the main concern of hydrogeological practitioners, particu-
larly, in semiarid and arid regions of the river basin. There
are only few previous hydrogeological studies available.
Some of these studies such as Belete et al. (2000), MoWIE
(2007), Zewdie and Nahusenay (2011), and Zewdie and
Sima (2011) qualitatively classified rocks of the region into
high, intermediate, and poor groundwater potential zones
and provided preliminary information on the groundwater
chemistry of the area. Other regional works, which includes
the study area, provided broad understanding of how
groundwater occurs in different lithologic terrains of
Ethiopia (Kebede 2013) and basement rocks in particular
(Deyassa et al. 2014). No detailed study is available dealing
with groundwater recharge and flow systems in the basin. In
particular, the effect that the basement complex in the center
of the region poses on the scale of groundwater flow system
of the river basin is not known. On the other hand, detailed
hydraulic characteristics of particular rock and its spatial
association with the other units are not known. It is also
difficult to establish these hydrogeological parameters with
the methods that depend on well data due to the limited and
incomplete water-well information in the area. As a result,
in the Dawa River basin, it is difficult to establish the nature
of groundwater flow pattern using methods like flow mod-
eling or based on existing groundwater levels.

The main objective of this investigation is to examine
the nature of groundwater recharge and flow pattern in the
basin. The study uses hierarchical cluster analysis (HCA)
and various graphical plots of hydrochemical and isotopic
data. The results of this study will add to the hydrogeo-
logical understanding of the area that helps in whether or
not to consider the traditional regional groundwater flow
model in the course of water well sitting and effective
groundwater management activities in the basin.

Description of the study area
Location and physiography

The Dawa River basin is located in East Africa between
3.92°-6.47°N and 38.02°-42.08°E. It covers area of
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58,961 km” in three countries: Ethiopia, Kenya, and
Somalia. This study covers 81 % of total area of the basin
that falls in Ethiopian territory (Fig. 1). The maximum and
minimum elevation is 3089 and 169 m above sea level
(masl) near the northwestern end of the basin and at the
river outlet, respectively. The overall surface inclination of
the basin is toward southeast. Much of the area in the
northern and northwestern highland is characterized by
ridges and associated gorges, while in the southwest, south-
central, and southeast topography is characterized by
leveled ground with scattered hills, low relief elongated
valleys, and steep land adjacent to the main river (Fig. 1).

Climate

The northern, south-central, and southeastern parts of the
study area are defined by humid, semiarid, and arid cli-
matic condition, respectively (Gamachu 1977). Mean
annual rainfall is about 1500 mm at the northern end, and it
decreases alongside elevation to 200 mm near the river
outlet. The rainfall exhibits bimodal seasonal pattern with
maximum and minimum rainfall peak in May and October,
respectively. The annual mean temperature is about
15.5 °C above 2000 masl and 28 °C below 500 masl.

Geology and hydrogeology

The basin is covered by Precambrian basement rocks,
Mesozoic sedimentary formations, Tertiary volcanic rocks,
and recent alluvial deposits. Precambrian basement rocks
cover the central part of the basin. Its geological evolution
is linked to East African Orogeny (Kroner and Stern 2004).
According to Yibas et al. (2002), two different tectonos-
tratigraphic terrains were identified—(1) granitoid gneiss,
and (2) fold and thrust belts (Fig. 2). The former consist
high-grade gneisses and granite intrusions and composi-
tionally varying between acidic and basic, whereas the
latter is N-S stripes of low-grade metamorphic rocks of
dominantly basic composition.

Tertiary flood basalts and intercalated silicic volcanic
rocks of Ethiopia (Mohr and Zanettin1988) cover north-
western part of the study area (Fig. 2) overlying the base-
ment rocks. Near the northern and northwestern end of the
study area, 20-30 m thick unwelded tuffs and ignimbrite
overlie the basaltic lava flows.

Jurassic to Cretaceous sedimentary formations cover
southeastern part of the study area (Fig. 2). From bottom to
top, stratigraphic sequence includes Adigrat Sandstone (white
sand), Hamanlie Formation (dominantly limestone with
minor gypsum intercalation), Urandab Formation (calcareous
shale with minor gypsum and limestone), Gebradare Forma-
tion (dominantly marl with some limestone), and Gorrahe
Formation (dominantly gypsum with subordinate limestone,
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Fig. 1 Location, slope, and drainage map of study area

marl, and shale) (Assefa 1988). Overlying the basement rock
thickness of the Mesozoic succession is about 5000 m near the
southeast end of the study area (Hunegnaw et al. 1998).
However, thinning in the northwest direction, it finally pin-
ches out near 39.5° longitude. This suggests the general tilting
and thickening of the whole sedimentary sequence takes place
in a southeasterly direction.

Alluvial deposits are mainly composed of clay, silt, and
sand and occur throughout the region. These sediments
have accumulated in low-lying areas and along dry riv-
erbeds (Fig. 2). Field exposure reveals that these sediments
are up to 20-m-thick overlying gneissic bedrock.

As a result of multiple phases of tectonic activity, N-S,
NW-SE, NE-SW, and E-W trending sets of fracture have
affected rocks of the study area (Fig. 2). N-S and NE-SW
fracture systems are largely occur in the fold and thrust
belts and usually affected by the later on shearing/strike-
slipping (Abdelsalam and Stern 1996; Worku 1996). NE—
SW and E-W fractures cut and displace the N-S fractures
(Hamrla 1977; Kozyrev et al. 1982). NW-SE trending
fractures have dominantly affected the gneissic terrain and
sedimentary sequences.

In general, the basaltic unit is characterized by the
repeated occurrence of highly fractured and/or scoraceous

basaltic layers at intervals of 10-20 m as observed in bore
logs. As a result, basaltic rock is a highly porous and
transmissive hydrostratigraphic unit in the region. In the
tuffs and ignimbrites, fractures and joints are not traceable
due to intense weathering that has produced thick clay soil.
Existing water supply data suggest that groundwater
occurrence and movement in the basement terrain of the
study area is associated with the fracture network (Fig. 2).
In general, fractures of the study area are short in length
and are either not interconnected or cut by the short
transverse fractures (Fig. 2) which may result in localizing
groundwater flow. With regard to the Mesozoic sedimen-
tary sequence, field observation and previous drilling
experience in the area reveal that the Hamanlie Formation
is highly fractured and, thus, it is the best hydrostrati-
graphic unit than other sedimentary rocks of the area.
Approximately, east of 40.5° longitude the Hamanlie For-
mation is overlain by the relatively younger impermeable
formations—the Urandab, Gebredarre, and Gorrahe For-
mations—Ileaving this potential aquifer beyond the reach-
able depth for economic drilling. In the area covered with
the sedimentary rocks other than the Hamanlie Formation,
groundwater occurs and moves in the alluvial sediments
along dry riverbeds and flood plain of Dawa. In line with
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Fig. 2 Simplified geological map (lithology and fracture network) with plot of water scheme

surface inclination and dominant fracture orientations, the
general groundwater flow direction is toward the southeast
(Fig. 3b).

Methodology

Detailed analysis of the hydrochemical data together with
the assessment of isotopic characteristics of groundwater
was the principal methods used in this study. Existing
geological and hydrogeological information were also
used. Seventy-nine water samples were collected in the
polyethylene bottles for the chemical analysis. Ground-
water samples were collected from wells after 10 min of
pumping. At each sampling point, the bottles were com-
pletely rinsed, at least two times, with the source waters to
be sampled. Electrical conductivity (EC), total dissolved
solids (TDS), pH, and groundwater temperature were
measured on the spot using field measuring kits. Data
acquired in this study were complemented by hydro-
chemical data from MoWIE (2007), Zewdie and Nahuse-
nay (2011), and Zewdie and Sima (2011). A total of 26
samples were collected in standard sampling bottles for the
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determination of tritium. Twenty-one of these samples
were collected from water wells and springs and 5 samples
were from the local rainfall. Seventy-two groundwater
samples were collected for the analysis of 8°H and 8'%0. In
this case, the bottles were completely filled and then tightly
capped and plastered around the mouth to avoid isotopic
exchange with the atmosphere. By means of one-time
sampling of the rainfall events, 15 samples of the local
rainfall of March—April 2014 were collected for the anal-
ysis 8°H and 8'%0. Additional data of 8°H, §'%0, and tri-
tium of the local rainfall and rainfall at Addis Ababa,
Ethiopia, were obtained from International Atomic Energy
Agency (IAEA) Global Network for Isotopes in Precipi-
tation (GNIP) data base (http://www.iaea.org/water).
Except alkalinity, all other major cations and anions, and
environmental isotopes of the present sampling were ana-
lyzed in the laboratory of the School Earth Sciences (SES),
Addis Ababa University. Calcium and magnesium were
determined using a Jenway 6405 UV/Vis spectropho-
tometer, and sodium and potassium were determined by
atomic absorption spectrophotometer. Sulfate ion was
determined by a Jenway 6405 UV/Vis spectrophotometer
for some of the samples and by ion chromatography for the


http://www.iaea.org/water

Environ Earth Sci (2016) 75:1002 Page 5 of 17 1002

(@) 70
60
50+t
[V}
g
g
g 40
L
on
]
'._] 30 1
20+
cvVv X
CIN ClII
lo pos B e C II Aessnsnnanannnnanny
£ o] e
$95922 S S0T09241 993564562050 25 837325 28 6958 19 202790 28 S3 ST 391288 2 SL 1225688219 17 72157581 30 3233 6
8637 § 857651 716742798038 $ 317738477220 $ 454321102932 9 6015 3 2288438287 7 355218 %5 13 8578 23 93 63 1
Sample Label
(b)
Legend N
Hagereselam , <= Towns
o Drainage network
2299 Water level contour
— Groundwater flow direction
72 Sample label
6 + CI
¢ ClI
= Cll
* CIV
£ CV
6 Elevation
- <7
[ 1700-1.500

5 [ 11.500-2.000
92,000 - 3,089
DoloAdo
g
4+
T T | ) T T
38 39 40 11 22

Fig. 3 a Dendrogram of HCA showing associations between samples (line of asterisks is chosen by analyst to select number of sub-clusters)
b Spatial distribution of clusters (or samples) plotted along with elevation and groundwater flow direction

@ Springer



1002 Page 6 of 17

Environ Earth Sci (2016) 75:1002

other samples. Chloride was determined partly by titration
and partly by ion chromatography. Alkalinity was deter-
mined by titration immediately after sampling. For each
analysis, analytical precision, expressed in standard devi-
ation, is generally +4 %. Accuracy of chemical analysis
for the total measurements of ions was verified again by
calculating the ionic balance errors and was generally
within £10 %. In this study, 94 chemical data with reac-
tion error of £5 % were used. Stable isotopes (8'*0 and
62H) and tritium (T) were determined, respectively, by Los
Gatos DLT 100 Liquid—Water Isotope Analyzer (LWIA)
and electrolytic enrichment and liquid scintillation spec-
trometry (EELSS). Standard deviation was 2 % for 5°H,
£0.2 % for §'%0, and £0.5¢ for tritium.

Hydrochemical data were analyzed statistically and
graphically. The statistical technique used in this study is
HCA. It is a technique to group a number of samples into
clusters of distinct water quality controlled by typical
hydrological and hydrogeological processes. A detailed
description of the technique can be obtained in StatSoft Inc
(2007). The effectiveness of the technique to classify water
quality data into distinct clusters was proved in a number of
studies (e.g. Kebede et al. 2005; Belkhiri et al. 2010;
Demlie et al. 2007). In the present study, Statistica soft-
ware version 8.0 (StatSoft Inc 2007) was used to cluster the
samples considering 9 water quality variables (EC, pH,
Nat, KT, Mg*", Ca®*, C1~, HCO5 ™, and SO4>7). To know
hydrochemical facies of the water samples, hydrochemical
data were plotted on a Piper diagram (Piper 1944) using
AquaChem software for Windows version 4.0.284
(Waterloo Hydrogeologic Inc 2003). The use of concept of
hydrochemical facies to understand groundwater flow
system is well illustrated in Glynn and Plummer (2005),
and the concept was widely applied in number of previous
studies (e.g. Kebede et al. 2005; Demlie et al. 2007; Zouari
et al. 2011). Interpretation of isotope data was aided by
plotting the data on the traditional 8'%0 versus 8°H graph
along with the local and global meteoric water lines. For
the illustration of spatial distribution of geological infor-
mation and hydrochemical and isotope data, ArcGIS 10
graphic software was used.

Results and discussion

HCA was employed on the hydrochemical data set of 94
samples. Consequently, the water samples were classi-
fied into five statistically distinct clusters (C): CI, CII,
CIII, CIV, and CV. The resultant dendrogram of HCA
and the spatial distribution of the clusters are shown in
Fig. 3a, b, respectively. Each of these clusters corre-
sponds to a typical geologic and geographic environ-
ment. Preliminary description of the clusters is given as
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follows based on the statistical summary of water quality
parameters (Table 1).

Cl is comprised of 23 samples largely collected from the
highland volcanic terrain. Few samples of this cluster are
associated with the relatively elevated region in the
northwestern parts of the basement terrain (Fig. 3b). CI is
represented by a mean EC of 331.2 uS/cm (or TDS of
242 mg/l). CII is comprised of 31 samples many of which
are collected from the northern half of the basement terrain.
Some of the samples of this cluster are also related to the
headwater region of the dry stream channel and near the
foot of elevated areas in the southern half of the basement
terrain (Fig. 3b). CII is characterized by mean EC equals
672.2 pS/cm (or TDS equals 438 mg/l) showing slightly
higher salinity than CI. In both CI and CII, Ca*" and
HCO;™ are the dominant ions with the other cations and
anions existing in appreciable amount. CIII is comprised of
21 samples where many of the samples are sited at some
distance downstream of the hill-foot or away from head
water of the dry riverbed in the semiarid southern half of
the basement terrain. The mean EC and TDS of CIII is
1523.2 uS/cm and 1000 mg/l, respectively. As in CI and
CII, HCOj;™ is the most abundant anion in CIII samples;
however, in CIII, Na' is the most abundant cation with
important amount of Ca?>* and Mg®" (Table 1).

CIV consists of 12 samples that have been largely col-
lected from the sedimentary terrain (Fig. 3b). Two samples
of this cluster are associated with dry stream beds in the
southern half of the basement terrain. In CIV, the mean EC
or TDS is high (2606.3 pS/cm or TDS, 1728.0 mg/l),
respectively, and SO, is the most abundant anion fol-
lowed by HCO; ™ and Cl™. CV is comprised of 7 samples
in which all are associated with the dry riverbeds in the
semiarid and arid part of the study area (Fig. 3b). This
cluster is characterized by very high mean EC (7526 uS/
cm) or TDS (4739.1 mg/l), and Na™ is the most abundant
cation followed by Ca®", Mg”>", and K. The most abun-
dant anion is SO427 followed by Cl- and HCO;™
(Table 1). In the study area, EC of the samples or of the
clusters is related to the respective TDS by factors which
are in the range 0.60-0.66. This range of factors is within
the range of factors, 0.50-0.75, established for natural
waters by Walton (1989). This signifies that TDS and EC
can be used interchangeably in the subsequent discussion.

TDS and the relative percentage of cations and anions
can be used to infer the scale of groundwater flow systems.
Based on theory (Toth 1984) and field observations
(Ophori and Toth 1989) low TDS and high percentage of
Ca, Mg, and HCOj; are associated with local flow systems;
intermediate TDS and high percentage of Na*, SO,*~, and
CI™ are characteristics of intermediate flow systems; and
high TDS and high percentages of Na* and CI~ are char-
acteristics of regional flow systems. In the view of that,
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Table 1 Statistical summary of hydrochemical parameters of groundwater of clusters resulted from Q-mode HCA analysis (EC in pS/cm;

cations and anions in mg/l; temperature in °C; and % is percent of ions relative to corresponding cations and anions)

C Variables PH Temp TDS EC Ca Mg Na K HCO; Cl SOy No. of
samples (n)

Minimum 6.6  17.1 60.0 97.0 10.6 2.0 5.0 1.4 55.6 1.8 0.0

I Maximum 7.5 249 682.0 887 131.9 25.0 58.0 9.0 317.2 323 296.0 23
Mean 70 208 214.6 331.2 43.2 9.0 16.1 3.7 169.1 10.7 28.6
SD 0.2 2.1 149.0 212.0 29.4 6.3 12.0 2.1 79.8 9.3 64.3
% 60.0 12.5 28.9 5.1 81.1 5.1 13.7
Minimum 5.5 183 26.0 42.0 4.2 1.0 1.9 0.3 21.5 1.0 0.0

II Maximum 69  28.0 1019.0  1559.0 166.0 62.0 212.0 26.0 482.1 186.2 2179 31
Mean 65 231 437.9 676.2 63.7 18.2 48.8 4.8 231.6 56.2 64.3
SD 0.3 22 2522 393.0 41.6 13.3 42.6 59 117.4 59.2 69.7
% 47.0 134 36.0 35 65.8 16.0 18.3
Minimum 6.3  21.7 418.0 640.0 9.0 8.4 6.0 0.5 294.0 6.0 2.0

oI Maximum 8.0 285 1766.0  2943.0 285.0 124.0 420.0 39.0 1002.0 443.0 625.0 21
Mean 72 255 999.7 15232 115.2 49.5 134.6 133 577.9 128.1 1154
SD 0.5 1.7 430.8 678.6 70.4 273 105.8 12.6 164.9 121.9 153.6
% 36.9 15.8 43.1 43 70.4 15.6 14.1
Minimum 64  23.0 1536.0 75.0 80.0 29.0 1.0 225.0 16.0 484.0

IV Maximum 7.7 29.0 4853.0 398.0 2220 523.0 44.0 652.0 701.0  2039.0 12
Mean 7.1 26.6 2606.3 252.6  143.1 210.3 15.3 381.1 265.7 941.7
SD 0.4 1.6 1079.5 114.0 39.8 181.6 13.5 111.7 256.4 437.8
% 40.7 23.0 33.8 2.5 24.0 16.7 59.3
Minimum 6.7 249 4647.0 82.0 82.7 640.0 5.0 231.0 752.3 714.5

\% Maximum 7.8 284 9970.0  1002.0 289.0 1562.0 1100 11100 1901.0  2540.0 7
Mean 7.1 268 7526.4 408.1 2019 976.7 36.7 545.6 13457  1552.0
SD 0.4 1.2 2036.1 308.3 77.5 290.5 39.7 279.6 372.5 751.5
% 25.1 124 60.2 23 15.8 39.1 45.1

chemical character of CI and CII suggests the local
groundwater flow systems in the highland regions of vol-
canic and basement terrain of the study area. The chemical
characteristics of CIII are also comparable to that of the
local groundwater flow system though Na™ concentration
is slightly higher than Ca®" or Mg?" (Table 1). However,
the high percentage of Na™ is not beyond expectation given
the dominance of rocks of felsic composition in the
southern half of the basement terrain.

Additionally, hydrochemical data are plotted on a Piper
diagram (Piper 1944) (Fig. 4) to make detailed analysis of
water quality in terms of hydrochemical facies. Subse-
quently, the classification scheme of Back (1966) was used
to group the water samples into different chemical types of
water based on the dominant ions. The approach is widely
used in many previous hydrogeological studies (e.g. Ophori
and Toth 1989; Adams et al. 2001; Giiler et al. 2002;
Kebede et al. 2005). Accordingly, a wide variety of water
types was found in the volcanic and basement terrains of
the study area that is represented by CI, CII, and CIII

(Table 2). However, mixed cation-bicarbonate, (Ca, Mg,
Na)-HCOs;, water type dominantly occurs in these areas
with the type of dominant cation varying from sample to
sample based on the local geology. Moreover, in these
clusters, the majority of the samples have a cation com-
position characterized by a Ca®*+Mg®" higher than
Nat4+K™ (Fig. 4a—). In particular, 91 % of CI samples are
HCO; type. Of these HCOs-type samples, 74 % is Ca—
HCO; type followed by 17 % of mixed cation—-HCOs-type
water. Likewise, 67 % of the samples of CII and CIII are
HCOj; type (Table 2). Based on groundwater chemical
evolution models (Adams et al. 2001; Kebede et al. 2007),
chemical character of CI, CII, and CIII indicates that in the
most parts of the volcanic and basement terrain of the study
area, groundwater is at the early stages of geochemical
evolution (recent recharge) or rapidly circulating which has
not undergone significant water—rock interactions.

On the other hand, 67 % of the samples of CIV are
sulfate type where 25, 17, and 25 % of these samples are
Ca-SO4, Mg-SO,4, and mixed-SO,4 type, respectively
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Table 2 Groundwater types

Cluster Cation type

Anion type

Water type

CI (n = 23) Ca type (83 %, n = 19)

Mixed type (17 %, n = 4)

CII (n = 31) Ca type (39 %, n = 12)
Mixed type (45 %, n = 14)
Mg type 3 %, n = 1)
Na type (13 %, n = 4)
CIII (n = 21) Ca type (19 %, n = 4)
Mixed type (52 %, n = 11)
Na type (24 %, n = 5)
Mg type (5 %, n = 1)
CIV (n = 12) Ca type (25 %, n = 3)
Mg type (17 %, n = 2)
Na type (8 %, n = 1)
Mixed type (50 %, n = 6)
CVin="7 Na type (43 %, n = 3)

Mixed type (57 %, n = 4)

HCO; type (91 %, n = 21)
SO, type (4 %, n = 1)
Cl type 4 %o, n = 1)

HCO; type (61 %, n =19)
Mixed type (29 %, n = 9)
SO, type (7 %, n = 2)

Cl type 3 %, n = 1)

HCO; type (76 %, n = 16)
Mixed type (14 %, n = 3)
SO4type 5 %o n=1)
Cltype (5 % n=1)

SO, type (67 %, n = 8)
Mixed type (25 %, n = 3)
Cl type (8 %, n = 1)

Cl type (71 %, n = 5)
SOy type (29 %, n = 2)

Ca-HCO; (74 %, n = 17)

Mixed cation-HCO3 (17 % n = 4)
Ca-SO4 (4 %, n = 1)

Ca—Cl 4 %,n=1)

Ca-HCO; (23 %, n =17)

Mixed cation-HCO3; (29 %, n = 9)
Mg-HCO; (3 %, n = 1)

Na-HCO; 3 %, n = 1)

Mixed cation—-SOy4 (7 %, n = 2)

Na-Cl 3 %, n = 1)

Ca-mixed anion (16 %, n = 5)
Na-mixed anion (3 %, n = 1)

Mixed cation—mixed anion (3 %, n = 1)
Ca—HCO;5; (19 %, n = 4)

Na-HCO; (14 %, n = 3)

Mixed cation-HCO; (38 %, n = 8)
Mg-HCO; (5 %, n = 1)

Na-mixed anion (10 %, n = 2)

Mixed cation-mixed anion (5 %, n = 1)
Mixed cation—Cl1 (5 %, n = 1)

Mixed cation-SO4 (5 %, n = 1)
Ca-SOy4 (25 %, n = 3); Mg-SO,4 (17 %, n = 2);
Mixed cation-SOy4 (25 %, n = 3)
Na-Cl (8 %, n = 1);

Mixed cation—mixed anion (25 %, n = 3)
Na—Cl (42 %, n = 3)

Mixed cation—Cl (29 %, n = 2)

Mixed cation—-SOy4 (29 %, n = 2)

(Table 2). In particular, all waters collected from the wells
that penetrate into the Hamanlie sedimentary formation
show chemical character of sulfate type. Since Ca’" +
Mg*" is greater than Na™ 4+ K™ (Fig. 4d), the chemical
character of these waters is better explained in terms of
dissolution of gypsum by locally recharged water rather
than geochemical evolution associated with the ground-
water flow. Sulfate-type water is also observed at a few
locations in the fold and thrust belts of the basement terrain
(e.g., sample labeled 13 and 84). In this case, source of
sulfate is plausibly associated with oxidation of sulfide
minerals. This is supported by the observation of low-pH
waters in the area. pH as low as 4.5 is observed at sample
labeled 13. Furthermore, in geological literatures (e.g.
Hamrla 1977) occurrence and oxidation of sulfide minerals
is reported in this part of the study area.

Further, no clear signature of geochemical evolution is
observed from CI through CII to CIII along N-S hypothetical
transect or from CI through CII to CIV along NW-SE

hypothetical transects. This presumably supports the absence
of continuous flow system from the northern highland vol-
canic and basement terrain toward southern basement and
southeastern sedimentary terrain. If there were regional or
continuous groundwater flow systems between these two
regions, there would be geochemical evolution sequentially
changing along the flow lines in the order of HCO;™ —
HCO;™ + SO,>~ - S0,>” 4+ HCO5;~ — SO,> + CI-
— CI™ + SO,*~ — CI~ assuggested by Chebotarev (1955).

In addition, the occurrence of groundwater with variable
composition within the short distance between the sam-
pling points, as illustrated by the spatial plot of EC,
HCO;~, and SO,*” + CI~ (Fig. 5a—c), supports the
localized/discrete groundwater flow system in the base-
ment terrain.

In most of the selected samples of CI, CII, CIII, and
CIV, tritium varies between 1.45 and 3.18TU. This range
of tritium value is equivalent to the range of tritium amount
in the local rainfall which varies between 1.27 and 4.1TU
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Fig. 5 Spatial variation of EC
(a), HCO;™ (b), and
S04*” 4 CI™ (¢) in mg/1
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Fig. 6 a Sampling locations for
tritium (number indicates
tritium value); b chemical
characteristics along selected
dry riverbeds: A-C, G-I, and
D-E
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(Fig. 6a). The observation of appreciable amount of tritium
in the groundwater of the basin at levels comparable to the
local rainfall also indicates that groundwater is of local
origin, with modern recharge, and a short aquifer residence
time in the most parts of the study area.

Exceptionally, based on Ophori and Toth (1989), CV
samples and the two samples of CIV (sample labeled 76
and 77) which are sited at few locations along the dry
riverbeds are marked with chemical character of interme-
diate flow systems. On the other hand, based on ground-
water chemical evolution models (Kebede et al. 2005;
Demlie et al. 2007), chemical character of this water sug-
gests groundwater at its later stage of geochemical evolu-
tion which might be associated with the extended flow
distance along the dry riverbeds. For example, site C and
I (Fig. 6b) are represented by two of CV samples and site
E (Fig. 6b) is represented by one of CIV samples. A pro-
gressive change in chemical composition from calcium
bicarbonate type to sodium chloride or to sulfate-type
water is observed along A-B-C, D-E, and G-H-I dry
stream beds (Fig. 6b), signifying chemical evolution.
However, the tritium amount at site C, 1.56TU, and I,
1.76TU, is at amount comparable to the local rainfall,
indicating modern groundwater recharge and fast ground-
water circulation. This suggests that it is unlikely that
chemical evolution, associated with long flow distance, has
caused the changes in the water chemistry along the dry
riverbeds A—-B-C and G-H-I. As discussed below, the
isotopic data of groundwater at site C and / and of other
samples which are sited along the dry riverbeds and
marked with higher EC are plotted in the right side below
the LMWL, signifying the importance of evaporation in
modifying water chemistry. On the other hand, Cl /Br™
ratio, in mg/l, of the high EC water in the semiarid region
in general, which includes CV samples, is less than 400. It
is only the sample at site /, which is marked with the rel-
atively high ratio, i.e., 1000. Low values of C17/Br™ ratio
in the groundwater is frequently explained by the absence
of halite dissolution because water affected by salt disso-
lution will have ratio greater than 1900, and the ratio will
be as high as 100,000 if pure halite is involved (Davis et al.
1998). Furthermore, according to MoWIE (2007), the EC
of the soil tested at three sites along G—H—I, including site
1, is less than 0.4 mS/cm, indicating salt content in the soil
is low. These observations likely lead to the conclusion that
evaporative enrichment has significant effect over halite
dissolution to control water chemistry in CV samples.

However, the tritium amount is exceptionally low at site
E (Fig. 6b), indicating that relatively old water is present at
this site. Subsequently, variations in the composition of
groundwater along the line D—FE (Fig. 6b) can be explained
by chemical evolution associated with long groundwater
residence time. The long groundwater residence time and,

@ Springer

hence, the low tritium value at site E, are likely to be
associated with the high clay content and the low hydraulic
conductivity of the formation of this particular area. Belete
et al. (2000) reported that in this part of the study area
Quaternary sediments which is as thick as 50 m and
composed of dominantly clay associated with marl and
mudstone fill the valley bottom. According to the MoWIE
(2007), the sediments in the area constitutes up to 59 %
clay. Generally high clay proportion lowers hydraulic
conductivity (Heath 1983). Besides, low well yield, 0.7 /s
at site E and 0.5 I/s at site D, even lower, 0.1 1/s, in the
surrounding area (Belete et al. 2000) supports the low
hydraulic conductivity in the area. However, further
downstream at site F, continuity of geochemical evolution
was not observed (Fig. 6b) due to structural discontinuity
that results local variations in the groundwater flow system.

Generally, the aforementioned hydrochemical results
and subsequent discussions accompanied with tritium data
illustrate the dominance of local flow system in the much
areas of volcanic, basement, and sedimentary terrain of the
study area. In general, these data support the view that
groundwater in the region occurs in local flow system that
receive localized recharge.

Earlier, it is revealed that there is a general increase in
mean EC or TDS from CI to CV. Increases in the mean EC
or TDS are likely to be related to the difference in the local
hydrogeological, physiographic, and climatic factors. The
northern highland volcanic and basement region is domi-
nantly characterized by fractured aquifer systems, rugged
topography, and humid to sub-humid climatic conditions.
On the other hand, southern part of the basement terrain is
characterized by relatively flat topography, semiarid cli-
matic conditions, and water movement through the alluvial
sediments. By implication, there is high contact area and
contact time between rock and water, and substantial
amount of dissolvable salts in the aquifer matrix of
southern basement terrain than the northern highland
region. As a result, groundwater samples from southern
part of the basement terrain (CIII and CV) are character-
ized by the relatively high mean EC or TDS than that of
groundwater in the northern highland (CI and CII). In CIV,
the high EC likely associated with evaporite, such as
gypsum, dissolution. In various studies elsewhere (e.g.,
Back 1966; Demlie et al. 2007), the general increase in
TDS or EC was explained by regional groundwater flow
system. However, this study illustrates increase in EC or
TDS alone might not always display regional flow system.

Stable isotope (8°H and 5'®0) data have been analyzed
to supplement the results of hydrochemical and tritium
data analysis. Using the records of stable isotopes of
rainfall of the study area (number of data points = 48),
regression analysis between 5°H and 8'®0 forms the local
meteoric water line (LMWL) for the southern Ethiopia
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Table 3 Summary of environmental isotopes of groundwater of the study area

Minimum Maximum Median Mean Stdev N
(3°H, 5'%0) (3°H, 5'%0) (3°H, 5'%0) (8°H, 8'%0) (3°H, 5'%0)
Entire area (—24.21, —4.69)  (—0.55, —1.01)  (—=9.99, —2.99) (—=9.93, —2.93) (5.84,0.74) 62
Northern highland (—15.09, —3.5) (—0.55, —1.10)  (—4.5, —2.88) (=5.26, —2.70) (3.17,0.57) 31
South-central and southeastern region (—24.21, —4.69) (—9.45, —1.01) (—13.88, —3.22) (—14.64, —3.22) (3.92, 0.82) 31
Fig. 7 Altitude versus (a) 3500 -
stable isotope of rainfall of the
study area: a, b altitudinal 3000 4 P (b) 3000 - ., -
variations of stable isotopes in 2500 - 2300 ¢
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area ¢, d g 2000 - 2000 -
E
Z 1500 - 1500 -
< wd®
1000 - 1000 - ¢
500 4 Altitude (m) = -144.86180 + 1460 200 Alditude (m) = -18.05 5150 +1784
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0 T T T T , 0 T - - )
-8 -6 4 2 0 2 -50 -30 -10 10 30
5150 §’H
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:. o ol
.
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- —.-.—.-?__"0'* ) - Py s BN )
T 1500 e%ec s 8)‘ . 1500 . Ak s,
Z JiR ..:o . . LI
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that is expressed by equation: 8°H = 6.6458'%0 4+ 11.69  —1.01 %o (Table 3). Unlike observations from other

(R* = 0.853). A statistical summary of isotopic compo-
sition of rainfall of the study area and of the selected
region in the basin is given in Table 3. Rainfall in the
southern and southeastern lowland is more isotopically
enriched than that of the northern highland parts of the
study area (Table 3). Depletion in isotopic composition of
the local rainfall with rise in altitude is also observed
(Fig. 7a, b) based on the isotopic data obtained by means
of one-time sampling of local rainfall events. In general,
altitudinal depletion in the isotopic composition of rainfall
of the study area complies with altitude—isotope rela-
tionship of Ethiopian rainfall (Kebede 2013).

In the groundwater of the study area, 8°H varies between
—24.21 and —0.55 %o and 8'%0 varies between —4.69 and

regions in Ethiopia where 3'®0 in the groundwater is
depleted along with increase in altitude with average
depletion rate of —0.1 %/100 m (Kebede et al.
2005, 2007), 8'%0 in the groundwater of the study area is
not well correlated with altitude (Fig. 7¢) and a plot of 5°H
versus altitude shows groundwater is slightly enriched in
8%H along with rise in altitude (Fig. 7d). Furthermore, both
the range, median, or mean values of the stable isotopes
(Table 3) and plot of the data on 82H versus 8'%0 diagram
along with meteoric water lines (Fig. 8) show that
groundwater in the south-central and southeastern parts of
the study area are isotopically depleted relative to
groundwater in the northern highland. Analogs to the iso-
topic depletion of the local rainfall with rise in altitude,
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Legend
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O Mean of rainfall in the
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¥ Rainfall from south and
southeast

@ Mean of rainfall from
northern highland

+ Rain from northern

Fig. 8 Plot of isotope data on 8°H versus 8'%0 diagram along with
spatial distribution (/A = evaporated southern and southeastern
groundwater; /B = non-evaporated southern and southeastern

groundwater of the northern highland region would have
been isotopically depleted relative to groundwater in the
southern and southeastern parts of the study area.

According to Gat (2010), as long as temperature of
groundwater system is less than 60 °C, the isotopic com-
position of groundwater is not modified due to interaction
with aquifer material. In general, groundwater of the study
area is characterized by low temperature, 17.1-29 °C.
Given this local physical condition and the general
groundwater flow direction toward southeast, isotopic
depletion in groundwater of the southern, south-central,
and southeastern parts of the study area relative to the
groundwater in the northern highland signifies distinct
recharge source and absence of flow continuity between the
two regions. This supports what deduced from the analysis
of hydrochemical and tritium data.

Despite the converging evidences from hydrochemical,
stable isotope, and tritium data support recharge of local
origin, groundwater in the semiarid southern and south-
eastern parts of the study area is plotted in the depleted side
of 8°H versus 8'%0 diagram relative to the local rainfall
(Fig. 8). This implies that recharge only takes place from
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isotopically depleted high-intensity local rainfall events.
The high-intensity rainfall must activate flush floods that
subsequently result in the groundwater recharge in the
valley bottoms and along dry riverbeds. This finding is in
line with the regional work of Kebede (2013) that provided
the regional picture of mechanism of groundwater recharge
in Ethiopia. Elsewhere, recharge from flush floods has been
also observed to cause an isotopic depletion of ground-
water as compared to precipitation under arid conditions
(Leibundgut et al. 2009; Gat 2010). This typical recharge
mechanism in the semiarid parts of the study area is the
likely causes of the disparity in altitude—isotope relation-
ship of the study area from the observations elsewhere in
Ethiopia.

On the standard 8*H versus 8'®0 graph, groundwater
samples, which are collected from the northern highland
area and includes selected samples of CI and CII in the
area, are plotted around the mean isotopic composition of
the local rainfall within the constricted range on or near the
LMWL (2A samples, Fig. 8). This suggests infiltration of
the local rain water is significantly rapid before evaporation
takes place and a fairly invariable isotopic composition,
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and the most likely well-mixed system. Exceptionally, two
groundwater samples of the highland region are plotted on
the right side below the LMWL (2B samples, Fig. 8). Field
observation reveals that these samples were collected from
the water wells located in the vicinity of marshy ground.
The shallow groundwater in the marshy area, which plau-
sibly subjected to direct evaporation has likely influenced
the isotopic composition of the groundwater at the sam-
pling site.

As in highland area in the north, many of the samples,
which were collected from an elevated area and near
foothills in the semiarid region in the southwest and south-
central areas of the river basin and include selected samples
of the area that belongs to CII, are also plotted on or near
the LMWL (1B samples, Fig. 8) pinpointing the insignifi-
cance of evaporation losses before, during, or after
recharge. However, a large number of groundwater sam-
ples, which were collected from the semiarid region and
include selected samples in CIII, CIV, and CV, are plotted
on the right side below the LMWL (1A samples, Fig. 8).
This indicates the importance of evaporation losses before,
during, or after recharge process along dry riverbeds and at
few locations in the sedimentary terrain. Variation in the
intensity of evaporation between 1A and 1B groundwater
can be explained in terms of variation in evaporation
regime. In the elevated area and near the hill-foot, tem-
perature is relatively low and the floodwater stays on the
ground surface for the short period of time before recharge
takes place. As a result, the isotopic composition of the
recharge water or of groundwater is not or less influenced
by evaporation. However, further downstream toward
south and southeast temperature increases along with fall in
elevation and the floodwater exposes to evaporation regime
for the longer time period. Consequently, this continuously
enriches the isotopic composition in recharge water or
groundwater of the area.

Conclusions

The Dawa River basin in southern Ethiopia is underlain by
a crystalline basement complex, sedimentary formations,
and volcanic rocks. The statistical analysis and graphical
plots of hydrochemical and isotopic data have provided
insights into the nature of groundwater recharge and flow
system in the basin.

The low EC and TDS and the high percentage of
Ca’* + Mg?" over Na™ + K" and HCO;~ over
SO,*~ + CI” in the groundwater of volcanic and most
parts of basement terrain of the study area demonstrate the
dominance of local groundwater flow systems. Moreover,
large variations in groundwater chemical composition over
short distances in fractured rock aquifers in the basement

terrain support the view that groundwater flow systems are
localized in nature in the region. The dominance of Ca-
HCOj; and (Ca, Mg, Na, K)-HCO;-type water in the vol-
canic and most parts of the basement terrain, respectively,
signifies recent recharge or rapidly circulating groundwater
in these parts of the study area. The presence of Ca®" and
Mg>" at important amount in the high-sulfate groundwater
of the sedimentary terrain reveals dissolution of gypsum by
locally recharged rainfall than geochemical evolution.
Supporting the results of hydrochemical analysis, the
presence of tritium in the groundwater of all terrains at
amount comparable to that in the modern local rainfall also
signifies groundwater of local origin, modern recharge, and
short residence time in the most parts of the study area.
Exceptionally, there are sites with chemical character of
extended flow system and signature of geochemical evo-
lution along certain dry riverbeds in the semiarid parts of
the study area. However, the presence of appreciable
amount of tritium in the groundwater rules out likely the
geochemical evolution along the flow lines. At one location
in the south end, however, tritium amount is low, indicat-
ing groundwater of long residence time which is likely
associated with groundwater flow in the lithologic unit of
low hydraulic conductivity.

Overall, there is no signature of geochemical evolution
that indicates the presence of continuous or regional flow
system along N—S and NW-SE hypothetical transects. This
deduction is also supported by the isotopic analysis in that,
given the low-temperature groundwater system and the
general groundwater flow direction toward southeast, iso-
topic depletion of groundwater in semiarid region in the
south and southeast relative to groundwater in the humid
highland in the north reasonably indicates the absence of
flow continuity between the two regions.

Under semiarid climatic condition in the south and
southeast, despite the source of recharge is the local
rainfall, groundwater is depleted in 8'*0 and 8°H rela-
tive to the normal local rainfall, suggesting that recharge
occurs only from isotopically depleted heavy rainfall. In
the semiarid region at far distance downstream away
from the hill-foot or elevated areas, evaporation prior to
or after recharge is significant as evidenced from the plot
of stable isotope data on the right side below the
LMWL. Evaporation prior to or after recharge is
insignificant in the humid region in the north as evi-
denced from the plot of stable isotopic data of the area
on or near the LMWL.

Overall, converging evidences from different techniques
indicate the dominance of local recharge and flow system
in most parts of the study basin. The traditional regional
groundwater flow model which is common in most large
river basins of Ethiopia does not hold true in the Dawa
River basin. The existence of a Precambrian basement
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complex in the middle part of the basin likely makes the
flow system discontinuous. More solid conclusion can be
made from detailed tracer, litho-structural, geophysical,
and hydrogeological investigation accounting temporal
variation of groundwater dynamics. The result of this study
has significant implication on groundwater development
and management activities of the area.
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