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ABSTRACT

On the bases of geomorphology which is controllgaiv echelon normal faults, the area is
classified into two parts; the Alleydege plain, aAdash River valley. The groundwater
dynamics of the area with emphasis given to surimater and groundwater interaction,
origin of recharge; groundwater flow direction, gnalwater evolutionary trend and direction,
causes and origin of salinity and general groundwguality issues relative to temporal
variation are studied in this research using hylkeadcal and isotopic data. Ultimately
conceptual hydrochemical groundwater model of tiea & constructed.

XLSTAT _Pro version 7.5.2; for agglomerative clustmalysis, Aquachem 4.0 software
package; for graphical plots and representatiohyafochemical data, PHREEQC built in
aguachem 4.0 version; for inverse geochemical nmogleArcGIS 9.3 software version; for
Analysis of areal distribution and variation of Ihgdhemical and isotopic data and for
production of different maps and Autocad-2007 wmrsifor production of longitudinal
geologic and hydrogeologic profiles, are employethis study.

Hydrochemical and isotopic studies reveal thatehsrinteraction of Awash River with the
groundwater of the alluvial aquifer of the Awaslv@&ivalley and the Alleydege plain that lie
within few kilometer distances from the Awash Ridering rainy season; during dry season
such interaction is not observed. Recent meteoatemwcontribution to the groundwater
reserve of the Alleydege plain is very limited. Agesult subsurface inflow or percolation
along the slope from southern, southeastern, astgr@ahighlands are found to be the major
recharge mechanism for the Alleydege plain. Towahdsrift, from the recharge areas of
southern, southeastern, and eastern highlandsorine concentration, salinity and isotopic
enrichment H and 5'°0) increase following the groundwater flow paths.general the
groundwater flow and evolutionary trend directialldws the surface topography flowing
from the south, southeastern and eastern elevatad o the Alleydege plain and finally to
the rift floor converging to the Awash River in therthern direction. The recharge area is
characterized by Ca-HGO Ca-Mg-HCQ or Ca-Na-HCQ@ water type, where as the
Alleydege plain and the marginal areas are charaettby a Na-Ca-HCECI water types.
Na-HCG;-Cl and Na-HCQ@ are the dominant water types in the Awash Rivéeyand rift
floor. K-mica, olivine, pyroxene, plagioclase aritita are the primary minerals of the
Alleydege plain groundwater system.
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ACRONYMS

AAU Addis Ababa University

BH Borehole

DD Draw down

EC Electrical Conductivity

EIGS Ethiopian Institute of Geological Survey
EU European Union

FAO Food and Agricultural Organization
GMWL Global Meteoric Water Line

HDW Hand dug well

HCA Hierarchical Cluster Analysis

KM Kilometer

KM? Kilometer square

LMWL Local Meteoric Water line

MAC Maximum Acceptable Concentration

M Meter

m.a.s.| Meter above sea level

m/s meter per second

m/s meter cube per second

mg/I mili gram per liter

MWoR Ministry of Water Resource

MER Main Ethiopian Rift

NNE-SSW  North North East- South South West
NW-SE North West —South East

NTU Nephelometric Turbidity Unit

pH the negative logarithm of hydrogen ion
Sl Saturation index

SDZFzZ Silty- Debrezeit Fault Zone

SP Spring

SWL Static Water Level

TDS Total Dissolved Solids

UTM Universal Transverse Mercator

UTME Universal Transverse Mercator Easting
UTMN Universal Transverse Mercator Northing
WWDSE Water Works Design and Supervision Enteepris
WFB Wonji Fault Belt

WHO World Health Organization
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1 INTRODUCTION

Water from beneath the ground has been exploiteddmestic use, industrial, livestock
and irrigation since the earliest times. Irrespectf its availability and general water
quality related problems, it is customary to thaflgroundwater as being more important
in arid or semi-arid areas like the Afar regionalts where alternative means of surface
water is barely present.

It is very well understood that geochemical chiamastics change from recharge, to
discharge zone according to the regional groundwies system (Stuyfzand, 1999;
Toth, 1999). Chemical processes may provide eveleioc groundwater flow. The
chemical composition of surface water and groundwaan be used as a tracer for
hydrograph separation of base flow and direct inahd for the identification of
groundwater flow paths (Eshlemanal., 1994; O’Brien, 1994; Katet al., 1997; James
et al., 2000). Surface water usually has an isotopinatigre resulting from evaporation.
Interactions in the semi-arid plain are not asvactis those in headwater wetland or karst
areas, where the surface water—groundwater hetatatite is significant (Devitet al.,
1996; Devito and Hill, 1997).

Generally interactions between groundwater and asarfwater are complex and
dependant on many factors including landform, gggla@limate and the exploitation of
local water resources (Adams et al, .2001). Thedigdy and water quality of rivers are
strongly controlled by exchanges of water and ssluvith adjacent river banks and
uplands (Sikdar et al., 2001; Ray et al., 2002puad- and surface water can be seen as
linked components in a large hydrological continutimat should be considered for
sustainable development (Eikenberg et al, .20@Hr& et al., 2003).

In many cases conventional hydrogeochemical stuatiesnot sufficient to characterize
groundwater hydrodynamics or to detect rechargasaesd source areas of recharged
water. Since the isotopic composition of O and Hyiaundwater does not change as a
result of rock—water interactions at low temperasyrit provides a helpful means to
bridge this knowledge gap (e.g. Sidle, 1998).

Several studies using hydrochemistry and stablopss of water have already been
realized to characterize hydrogeochemistry and amgeh processes in similar
hydrogeologic environments (Marfia et al., 2003ngand Putnam, 2004; Barbieri et al.,
2005).

Environmental isotopes are the naturally occurriegtopes of elements found in
abundance in the environment (Clark and Fritz, J9Bi7hydrogeological investigations,
environmental isotopes are routinely used; complgimg geochemistry and physical
hydrogeology, as they can provide information abeud., groundwater quality,

geochemical evolution, recharge processes, rockrwateraction, and the origin of
salinity (Clark and Fritz, 1997; Kendall and McDdn&998; Cook and Herczeg, 2000).

Previous recharge investigation in the Alleydegeaanave tended to rely on a single
recharge technique and lacked a corroborating su&leo substantiate predictions of
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recharge. Some studies depicted that componentoahdwater of the Alleydege plain

flows towards Awash River as base flow while oth@yatemporaneously concluded that
part of the Awash River flows towards the Alleydgd@n to feed the groundwater of the
Alleydege plain. Nevertheless, a comparison of rdsilts from a number of recharge
studies in this environment does reveal some comrharacteristics. No previous study,
however have used stable isotope tracers to deterrfie source of recharge nor
conformed the timing of recharge events. Only restudy done by WWDSE provided

an estimate of the magnitude of recharge from @hffesources.

1.1 Problem identification and justification of the research

As it has been enumerated in most of the reviewediqgus works a lot of studies have
been undergone in the area since 1972 by the myiro§twater resource and different
bodies. The studies were carried out with respedtydrogeological and groundwater
potential evaluation of the area on general antbnadjbasis. Even though the majority of
the studies were conducted on the absence of igultig available data, all of the studies
more or less consent that the area possessesraiglajeoundwater resource.

Nevertheless, there are tremendous data gaps regjpect to detail hydrogeologic
description of the area especially data relateatgfer characteristics, groundwater flow
system, detail hydrochemistry and geochemical déwmwluof groundwater, inflow
,outflow, storage, and circulation condition, grdwater and surface water interaction
etc. Beside that there are different thoughts aleetgroundwater recharge and flow
system; for instancésfaw, 2006 and Currey D.T, 1972 said that the aquifer of the
Alleydege plain gets its recharge from Awash Riemtrary to thakKetema et al., 1983
assumed that groundwater flows from the alluvialif®g to the Awash river. In addition
to thisEVDSA Halcrow, 1989 said that the aquifer of the Alleydege plain getsecharge
from direct precipitation and percolation from adjat highland slopes. Other recent
report byWWDSE, 2009 stated that the Alleydege plain gets its rechangénly from
infiltration of direct precipitation followed by direct recharge from the Awash River and
subsurface inflow from adjacent eastern highlandslso no previous studies have
followed isotope hydrology approach in the investiign of groundwater potential of the
area. Therefore in this study, hydrochemistry asawtope hydrology approach will be
integrated and used to verify the different thosgbh groundwater flow system and
recharge condition of the Alleydege plain. Besidat other hydrogeological information
such as groundwater origin, recharge, dischargkgesundwater evolutionary trend will
be addressed. Furthermore, conceptual hydrogeochegroundwater model of the area
will be constructed and enhance the hydrogeologdetstanding of the area by bridging
some of the existing gaps.

1.2 Aim and objectives of the study

1.2.1 General objective

The major aim of this study is to investigate grbwater dynamics of the Alleydege
plain groundwater system.
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1.2.2 Specific objectives
0 Assess the source of recharge, discharge, flowctthre and evolution of the
Alleydege plain groundwater system.

o0 Determine the hydrochemistry of groundwater frora #guifer by determining
the chemical characteristics and the most relegantrols on the groundwater
composition.

0 Assess the surface water and groundwater interactiche Alleydege plain in
order to investigate the future head variation evash River and its impact on the
groundwater of the Alleydege plain during abst@ttsince this site is future
target area for irrigation.

o Construct conceptual hydro geochemical groundwatetel.
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2 THE STUDY AREA CHARACTERIZATION

2.1 Location access, and climate

The Alleydege plain is an elongated north soutming flat laying ground enclosed
between Asebot Mountain in the east and Awash Rimed Dofen ranges of mountains
in the west. The plain covers about 1690 %areal extent and is found within the main
Ethiopian Rift (MER) around 250 km northeast of Asldbaba along the main road to
Djibouti between Awash Arba and Gedamitu townshef Afar regional state. The main
access roads to the site are the Awash Arba-Djiboatl in the north- south direction
and the Awash Sebat kilo —Dire Dawa road in eaststwvdirection. In addition to that
there are various routes made of gravel that acsscto different parts of the plain.
Geographically the area is situated between of 099@nd 1070000 UTM N and 610000
and 690000 UTM E.
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Figure2.1  Location map of the study area
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The climate of the Awash basin comes under theuémite of the Inter Tropical
Convergence Zone (ITCZ). This zone of low pressmagks the convergence of dry
tropical easterlies and the moist equatorial elesserThe seasonal rainfall distribution
within the study area results from the annual ntignaof the ITCZ. The ITCZ starts its
advance across the study area from south in Marngibg small spring rains. From June
to September the ITCZ moves rapidly from north pdirthe country to the project area
bringing heavy summer rain. Along with the ITCZ tegraphy has significant effect for
the formation of rain in the study area.

The rainfall pattern of the area is bi-modal typéhvmost of the rainfall occurring in wet
season (i.e. July-September) and minor rainy se@darch-May). The minimum rainfall
occurs during the driest months from October taudan (WWDSE.draft final Alleydege
Hydrology, 2009)The temperature of the area has phases depending upon the
topography of the area; the lowlands of the Afagioeal state are hot where as the
adjacent eastern highlands of the Oromia regidag sire relatively moist and cool.

2.2 Geomorphology and drainage pattern

The Ethiopian highlands are characterized by highoff and high sediment load
transport, whereby Ethiopia looses a lot of watet sediment to adjacent countries. On
the other hand Ethiopia, the Ethiopian rift valeayd the Afar region gain surface waters
and sediments, which are discharged from adjaagghtamd areas.

The area attains topographically contrasted regiamsch influence climate and
vegetation, resulting in various physico —chemjmalcesses operating at different rates.
The geomorphology of the area is governed by lamidoas a function of the structure
process and stage.

The site is characterized by a system of en echetwmal faults which control the
geomorphology of the area. The last phase of faylitn the area is the NNE trending
Wonji Fault Belt (WFB) that resulted in the deveitognt of the two major grabens; the
Alleydege plain graben and the Awash Valley grab@g.2.2) (WWDSE Geological
Report, 2009).

All of the streams except Arba that drain from #aestern highlands to the Awash River
are seasonal streams. The drainage condition ofatba is totally controlled by the
Awash River catchments. Most of the streams vawishin the Alleydege plain before
reaching the Awash River. The streams mainly engafratn south eastern and eastern
highlands and they never exceed stream order eétfrhe drainage density from these
highlands is relatively dense as compared to th&texe highlands which are deciphered
by low drainage density and where the tributariaedly exceed stream order of two.
Streams of western highlands flow north or nortst éafeed the Northward or north east
flowing Awash River. The flow path of the Awash Bis controlled by the Wonji Fault
Belt (WFB) structure in the area.
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Geomorphology Map of the study area
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2.3 Geology
2.3.1 Regional geology

The regional geology of the area as compiled Ifferdint authors is briefly described
here under:

2.3.1.1 The Precambrian (Hu)

They consist of granites, gneisses, and migmatitéstallic deposits are known to occur.
The Precambrian rocks are subjected to severakorogpisodes since their formation.
Rifting associated with the development of the RBed and African- Ethiopian Rift

Valley has resulted considerable fracturing andtehag. (Kazmin, 1972).

2.3.1.2 Silicic centers (N1-2ar)

This formation occurs as small patches in the itigiof the central volcanoes. They are
dominantly of rhyolitic in composition, intercalatén the Stratoid series. The rhyolites
are end — products of fissural basaltic activitykabne rhyolites, commendites,
pantellerites, rhyolitic trachytes and dark traelsytare found mainly as lava flows
(Barbery F. and Varet J. 1976).

2.3.1.3 Nazretgroup B

Bofa basalts (N1b) are fissure flood basalts naafesl their type locality called Bofa
village (V. Kazmin and Seife Michael Berhe, 1978nimbrites and flows, separated by
paleosoils and scoracious horizons occur at otlagep.

2.3.1.4 Pleistocene to Holocene

Dino ignimbrites (QWD) occur in the southern pairtloe area, south of Mount Fantale,
where they occur topographically low and relativiédy areas. They can be distinguished
on Landsat image by their light tone, due to pagtigss cover. They comprise a number
of flows of compact fiamme ignimbrites, in placesercalated with aphiric basalts and
unwelded pyroclastics (V.Kazmin and Seife Michaetli).

2.3.1.5 Basalts of the rift floor

Pleistocene basalts (QWbp) — fissure flows (trémsatl basalts, ferro basalts and
hawaiites) are locally found around volcanic cesitéke Dofan, Hertale, Ayelu, Abida,
etc...

Recent basalts (QWbh) — basaltic lava flows andttepacones (picritic basalts,
porphyritic plagioclase basalts, andesine basditd¢ramsitional nature with alkaline
tendencies) are associated with the former.

2.3.1.6 Middle to Upper Miocene

Anchar basalts (N1n) and Arba Guuracha silicicsafihave been recognized in the
Escarpments Margins of the Ethiopian Rift or th@rAfThe two units are more or less
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contemporaneous (Middle to Upper Miocene). The Aandiasalts form the lower part of
the rift volcanic succession and should not be esed with the pre-rift “traps” or plateau
basalts (V. Kazmin and Seife Michael Berhe, 19A8)char basalts are flood basalts and
siliceous rocks (several intercalations of ignirtds) exposed at the Eastern margins of
the rift where as Arba Guuracha silicics (predomthaof acidic varieties like welded
and unwelded ash flows) are exposed at the easi@min of the rift and in some parts of
the Western Escarpments.

2.3.1.7 Upper Miocene to Pliocene Nazret Group (A)

Stratoid silicics, ignimbrites, unwelded tuffs, asbws, rhyolites and trachytes (N1-2N)
are exposed in the southern part of the study @&asa Gumbi rhyolites (N1-2gg) are
exposed at Mount Asebot and Mount Afdem and atrathell hills in the vicinity. The
two units which belong to the Nazret group attaithiakness of about 250 mts and are
restricted to the sagging rift. (V.Kazmin and Selfichael Berhe, 1978). The per —
alkaline nature of these rocks was mentioned biydala (1972).

2.3.1.8 Afar group
i) Dalha basalts (N1-2db) are mainly composed of basdlows with

intercalation of ignimbrites and detritic depodiigp to 800mts.of thickness).
They are deeply eroded and often unconformably reavdy the Stratoid
series of the Afar.

i) Stratoid series (N1-2ab) covers about 2/3 of thefloor. It is composed of
Plio- Pleistocene volcanic units which are domihatiasalts. Sedimentary
units and hyaloclastite layers are intercalatettiwithe stratoid series.

This series is affected by faulting and block nidfi the lowest parts are deeply
weathered and altered.

2.3.1.9 Central volcanic complexes

The central volcanic complexes of Fantale, Dofed &yelu are built mostly from
alkaline and peralkaline rhyolites (QWa). The cahtrolcanic complexes of Abida,
Yangudi and Gabilema are mostly composed of pedrmtkahyolites, ignimbrites and
pumice fall (QWi).lavas of intermediate compositimugearites, rhyolitic trachytes,
hawaiites and ferro basalts are associated witlether, and hence are grouped together
for the present purpose.

The sequence of rocks ranging from basalt to rlg®lobserved around these volcanic
complexes has been explained by Barbery F. andt\Jat876 as being the result of a
process of crystal fractionation.

2.3.1.10 Soil units

Quaternary to recent alluvial sediments (Qa) cavéarge part (about 1/3) of the study
area. Lacustrine deposits of different age (Uppers®cene: 50000-20000 years before
present) occur at several places along the Midavash area. They are mostly composed
of limestones and diatomites. Younger depositss(lban 2500 years before present),
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composed of lacustrine sediments, silt, clay, dmties, volcanoclastic- sediments and
tuffs occur in the Middle Awash area. Due to ecadab conditions (total salinity,
alkalinity) organic remains are practically nonesence within these deposits (F.Gasse,
1978).Continental conglomerates, gravel, sand,asilil clay occur at foot slope areas and
within the grabens of the escarpments. The agdedet sediments could extend from
Pliocene to Holocene up to the present time. Eofadiments mainly occur in the
interior part of the rift floor. Flood terraces am@mmon along the Awash River where as
sheet flood deposits occur along intermittent aaasenal streams.

2.3.2 Local Geology

2.3.2.1 Rhyolitic Ignimbrite (Nrig)

The Rhyolotic ignimbrite forms a NNE — SSW runnihgrsts (Berita, Nuntiweli,
Naleldela, Be-Aditeda, Billen Ridges, gtoetween the Alleydege and Awash graben.
(WWDSE, 2009)

2.3.2.2 Afar stratoid basalt lower (N1ab)

This unit outcrops in the south central part ofdinea, in the east around Hardim and low
grounds of Asebot Mountain. It forms low-lying Billlt is massive to vesicular, affected
by dominant horizontal jointing and unsystematjgpaing joints. (WWDSE, 2009)

2.3.2.3 Afar stratoid basalt upper (N2ab)

The unit forms both high and low lying hills, ucomiably overly the lower Stratoid
Afar basalt. The Afar stratoid basalt upper is ftmene — sub recent in age. The basalt is
fine grained massive to strongly vesiculated. (WVED3009)

2.3.2.4 Outwash Gravel (Qog)

Outwash gravel in the area derived from breakdowsdycts of basaltic and acidic
materials from the elevated areas, which have beesported towards the centre of the
basin to form extensive outwash, gravel plain. llgcat is intebeded with basic lava,
conglomeratic bed, lenses of clay beds and tu#ragZwWWDSE, 2009 draft geological
report)

2.3.2.5 Alluvial Fan (Qaf)

The alluvial fan in the area represent a composatly immature sediments consisting of gravel,
sand and silty layer, showing fining direction e tvest. (WWDSE, 2009 draft geological report)

Quaternary slope deposits represent a breakdoweriadatof the elevated areas, consists
of mainly sand and gravelshe clasts in the gravel are basaltic and ignirabmaterial,
which seems to be transported from the nearby $ioidte gravel shapes differ from
angular to sub-rounded indicating a proximal souf@¢WDSE, 2009 draft geological
report)
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2.3.2.6 Quaternary Elluvium (Qel)

Quaternary elluvium in the area consists of brow d&lack clays, sand and silty
materials including the lacustrine sediments ofAlleydege plain, Melka Worer, Melka

Sedi etc. The brown sand, brown silt and clays negyesent pre-lake sediment, might
have been derived from acidic sequences in the areaBlack clays are confined to a
former river system and show cracking and are duwroof the breakdown of the basaltic
rocks of the region. (WWDSE, 2009 draft geologiegdort)

2.4 Structural and tectonic setting

Important stages in rift development occurred adol@m.y ago and at that time a faulted
eastern escarpment of the Rift was formed on thedtla area (V.Kazmin 1978).Faulting

in the Ethiopian Rift at 10m.y coincide with mafaulting of the western and eastern and
southern escarpment of the Afar (Christeinen &Ba@b). The type of tectonics in the Afar

Region depends on the attenuation of the crustighréeensional movement. The faulting
of the Afar shows synthetic and antithetic fracsuod tensional types. Strike slip faults

are few and the existence of transform faults aigdtianscurrent faults is contested
(Mohr 1962).

The major fault trend in the region generally caonB to the NW-SE Red Sea trend and
NE-SW Ethiopian rift trend. In the Southern Afardam the main Ethiopian Rift the
Wonji Fault Belt (WFB) (Mohr 1962) came in to exaste at the end of Pliocene and
during Pleistocene. In the SW Afar this fault lsdlows a SSW/NNE striking fault zones
NNW to NW/SE striking fault system also cut throutife Wonji Fault Belt as well
through the western parts of the SE plateau. Imth& Ethiopian Rift the Wonji Fault
Belt is younger and began after the Nazreth pha&&11.6 m.y ago (Mayer et al 1975).

In relation to tectonic setting of the study arée& imajor structures dominating the
Alleydege plain water catchments are normal fauliedding plain and jointing.

Especially the north-north east trending Wonji E&glt (WFB) can be mapped from
Landsat images and aerial photographs (WWDSE, 2008)Idegebriel, G.et.al 1990).
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Geological map of the study area

620000

41010000 1020000 1030000 1040000 1050000 1060000

1000000

630000 640000 650000 660000

¥

670000 680000

.......

00 3,400 6,800Meters

1020000

1000000

B50000 67000 680000

1040000 1050000 1060000

1030000

1010000

Legend
(T Boundery of the study area

» Towns or villages
— NNE trending lineaments of WFB
— Awash River
== Asphalt Roads
— Streams

— Cross-section C:D

— Cross-section A-B

|

Rhyolitic volcanic centers, Intercalation

of rhyolite with andesite , trachyte, obsidian ,
minor pyroclastic flow deposites and lahars;
Gumbi,Asebot,Meiso,and Afdem Mountains
=

Dino ignimbrite, Ignimbrite sheets

locally interbeded with Afar stratoid

basalt lower

Rhyolitic ignimbrite. Acidic lava flow,
differentially weathered, forms horst
structures west of Alleiydege plain,

\Afar stratoid basalt lower. Transitional
hasalt, aphyric to vesicular hasalt locally
interbeded with ignimbrite sheet. Greatly
affected by faults.
|
Afar stratoid basalt upper, Mostly vesiculated
and ruby surfaced transitional basalt covers
most of the rift floor.

Dofen strato volcano, Steep conical velcano
built by the eruption of andesite, decite,and
thyolite lava

ravel outwash, Unconsolidated gravel of hasa)
and rhyolites interbeded in tuff and conglomer|

Alluvial fan, compositionally immature sedime
consisting of gravel, sand and silty layer, also
ontain debris flow,

Blope deposits, gravely and sandy material fillin§
the graben and slope areas.

lluvial deposits brown and hlack clay, lacustr
deposits and natural River levee. m

Figure 2. 3

Geological map of the study area (Souec WWDSE, 2009 unpublished

inception report)

MSC.Thesis by Bizuneh Bekele

11



Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

" e L o
M — | iy & i) i
— i s B -

ih %W 7 7 AHHH
= e L e
L — "-bi‘ii.urnrllm i)t s -"~/4 i i
P M SO AT L il S
=
an={EHHHHRAHHHEA Y
N — et
=gl
Yh—
oh— i
5[][n IR
b I lkn Dk

EEAAR STRATLD BT LIMER

EEGRAVE UTVASH, UACCMSLIATED CRAVEL EEIRESH BT
CLLIVAL AT, LADATROE 6P EEFRATIAED MR

ERHLITIC BN ZARACTIRED BASALT TEFRACTIRED SURACEDLS B
mBﬂREHHLE CEOWELIED TUFF CCFRESH INIGRITE
Figure 2. 4 Longitudinal cross-section from A to Bshowing the geology of the study

MSC.Thesis by Bizuneh Bekele

area in the north south direction

12




Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

i i ) B I

12l \ -

6= i :

[ 1] s

= J
— Hre 7 T

]UUUHE_LL Jlllmli“i i IHHIL = = 1111 I

% —
=

840m—| L

TTh= i v S
K = Foprn i i ::::&:
I

é%—.—.—

- _ I i
%h—] '

lkn 47kn 9.5l<m W Y O B 3 SYLm e Ol 32

LEGEND

[EICLIPE DEPOCTT , CRAVELY AND SAANDY MATERIAL  CEICLAY B RESH BASALT ﬂ] BOREHILE
EERHYILITIC TGIWBRITE EIFRACTIRED BASALT FRACTRED ONMBRTTE vt FulT BELT

AL F Py e ELGHLY FRACTRED BT LA, 3T CIOLAU SHELD VLCAD
LA s e oy Oeoomn EREWMLE BVIDTH

EIFRCTARD BT AD SCRAEES a0 4R STRATED AGALT LPPCR E7RACTRED SCORADIS ST

CIFRESH BSALT AND SCTRACEDLS BASALT CIFRACTURED RAYOLITE

Figure 2. 5 Longitudinal cross-section from C to Bshowing the geology of the study area in the
North West — South East direction.

MSC.Thesis by Bizuneh Bekele 13



Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

2.5 Hydrogeological setting

With the rapid evolution of the basin through thie{Pleistocene, a reasonable thickness
of the alluvium and volcanic accumulated in thetdrot of Awash Valley (Halcrow
1989).

Alluvial deposits cover only the western part oé tAlleydege plain while the North-
North east running, high standing geomorphologyhi& east central part are rhyolitic
volcanic centres and the eastern marginal wateshoants form part of the eastern
Ethiopian highland

The hydrogeology of the region is intimately asataml with the geological features. In
the highlands, the Ashenge Group fractured volsaisidavorable for highland recharge,
formation contact and fault- controlled springsldfierent elevations. Some impermeable
volcanic layers regionally restrict vertical flomd favours formation of contact springs
in the escarpments. The presence of less permieagleles reduces deeper recharge in the
lower escarpment slopes. Locally, regional faulesyrallow preferential flow at deeper
levels. Groundwater flow modeling in the adjacemivé/—Shala basin revealed that
groundwater in highland volcanics flows substahtiat a relatively shallow depth and
percolates in the lower aquifers through large matgfaults before it reaches the rift
floor (Ayenew, 2001).

The groundwater level of the Alleydege plain vargpstially. The western side of the
Alleydege area, mainly western part of Awash ArBadamitu road, is known to possess
shallow groundwater with static water level lessanth60meters. Especially the
groundwater level around Melka Sedi and Melka W¢t#4) area is over the surface.
The eastern and the north eastern part of the ddigg area, in particular, eastern, south
eastern and north - eastern part of the Awash Arfedamitu road generally has deep
groundwater whose static water level extends tepdhdof 150 meters.

The analysis of water points in the study area destnates that there are shallow wells
and hand dug wells, deep wells and springs. Nesledh the dominant water point in the
area is boreholes. Among the six hand dug wellgntaried only one of them is still
functional. It was possible to get water samplesigotopes and chemical analysis from
this hand dug wells located around Keleat areahmafrthe Alleydege plain. The rest of
the hand dug wells are not working either due &ldlwering of the water level below the
depth drilled or malfunctioning of the installedrpp. Recently dug undeveloped hand dg
wells around Keleat area shows that the water lisvat near surface at about 3 meters
below the ground.

The majority of the shallow wells are drilled armhcentrated in the alluvial, western part
of the Alleydege plain where it possibly gets igxtrarge from irrigation back water,
Awash River, or both. Only some shallow wells édllin the utmost south of the
Alleydege plain drilled through the weathered biatgala depth of 37 meters. Boreholes
drilled passing through the volcanics to a deptt2@2m, for instance around Bordede
towns are found in the area. Furthermore theregtareeen deep test wells with almost
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complete hydrodynamic data (Static water level/bepd groundwater, borehole
discharges, specific yield and transmissivity) viahieere recently drilled under the study
and supervision of WWDSE to a depth of penetrateaching to 350 meters. However,
only two test wells, AP2 around Silsalabure and Ad?éund Hardim, area currently
servicing their surrounding community were samptedsotopes and chemical analysis.

There is one hot spring, SP4, about Billen areae ¥mperature of this spring was
measured at two different times; one at the en8egftember, 2010 and the other at the
beginning of January, 2011 more or less, at theestime, at about 2 to 3 pm in the
afternoon. The temperature of the spring in Sepeemias about £¢ and in January was
42°c, almost attaining constant temperature througtioeitthree months duration. The
spring covers relatively larger area into whichtleaand human can swim. The existence
of such spring could be deciphered as surface m&tation of geothermal field.

2.5.1 Types of aquifer and aquifer characteristics

In general the Alleydege area is characterized Wy tifferent forms of aquifer
characteristics, the shallow groundwater or aquéied deep groundwater or aquifer
systems.

a. Shallow aquifer system

This aquifer system in general extends throughbetAwash River valley in the river
alluvium sediments of sand and gravel with claye T™yquifer system in most places
consists of sand and gravels being found in a semiined nature below a sandy clay
layers and sometimes found in unconfined systens 3ituation is observed from the
different shallow wells and open dug wells drilled the river banks of Awash. The
shallow wells observed at Billen, Sheleko, Melka+té&fp and Melka-Sedi (Kerensa)
where a shallow sand and gravel aquifer systemerareuntered under a sandy clay layers
at a depth of around 30 meters for the wells dtitiea depth of 50 meters exemplifies the
semi confined nature of sand and gravel aquifeiegys.

The summer rainfall results in seasonal floodsndtely recharging the alluvial aquifers.
This groundwater recharge is estimated to be 10%hefrainfall (Halcrow, 1989). The
water levels in wells drilled in the alluvial agesifrise up to a depth of 10-15 meters and a
well yield of about 5.7 I/s with a relatively loweiraw down of 2 meters and higher
transmissivity values. Nonetheless the transmigsiaor the same aquifer system but with
more clay intercalation is lower and the draw dovatues are higher; for instance the
Hasoba deep well has a transmissivity value of@t’& and a drawdown of 14 meters.
Permeability of aquifers is reduced due to the gores of clay material. The unconfined
shallow aquifer units as observed from open dudswebse to the river bank of Awash,
such as, Keleat, Hasoba, Ambash, Sheleko and Msdkia-the water level in the clayey
sand exists at very shallower depths 3-7 meterswbéhe ground surface (WWDSE,
2009).

The major granular sediments derived from hydrorgephologic processes, and their
permeability characteristics subsequently reflectace qualitatively evaluated and
summarized as:
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Major unconsolidated deposits Permeability

i) Alluvial: river side deposits (gravel, sand amke8) -------------------- high
i) Alluvial fans: high level terraces along river bdger fingering of
coarse and fine sediment---------=-=-=-m-mmmsm s very high
iii) Colluvials: incoherent and loose deposits of firedinm to coarse
SedIMENt S o m oo very high
b. Deep aquifer system

The deeper aquifer units in the area are generalbanic rocks (basic, intermediate,
acidic varieties) and intrusive type in origin.

The fracture pattern of volcanic rocks may creatgpe of porosity known as fracture
porosity, which could, in turn, affect permeabili§ermeability of a mass of rock units
depend on collective permeability of the fractuséthe inter-connecting system.

Ayenew et.al.,, 2007, verifies that deep groundwaterassociated with fractured
volcanics. The various flows of the Trap Seriesnmfomulti-layer aquifers in the
highlands. The layers are separated by paleoswdgiger gravel. Locally, the existence
of faults creates semi-confined aquifers. Very dgepndwater (up to 274 m) occurrence
is encountered in southern Awash valley.

Most of the shallow & deep wells tap water from pleaquifer system i.e. fractured
volcanics and volcanic sands particularly for theaa adjacent to the Awash River
grabens, i.e., the Alleydege plains and its relgtdiment plains and upland areas to west
and east of the river valley. This is a highly wesied and fractured aquifer interbeded
with old pediment gravel existing at a depth of 80350 meters confined between
massive volcanic units. The depth of boreholededriparticular to the Alleydege plain
ranges in depth from 80 to 310 meters with absajuweindwater elevation of 728 to 846
meters a.m.s.l. The yield of these boreholes vanigs maximum of 50 I/s around
Molalita area and minimum of 2.95 I/s about Kererd2eyilu area. The maximum
drawdown is 42.6 m corresponding to the boreholéh vilhe minimum yield .The
transmissivity of the boreholes varies spatiallfhwinaximum of 3952 Aid observed
around Molalita area close to the foot of the htinst separates the plain from the river
grabens. The higher transmissivity value is dugetmndary porosity in fractured basaltic
aquifer which is resulted from recent intense teict@vent (development of WFB) that
caused the formation of the horst separating theydége plain from the Awash Valley
River graben. The minimum drawdown is 10 m obsemexind Hardim area, close to
the foot of the ridge, which separates the plaamfadjacent upland.
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Hydrogeological map of the study area
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Figure 2. 9 Longitudinal cross-section along thettie C to D showing the hydrogeology of
the area from West to East (rift floor, Awash River valley and Alleydege

plain).
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The Ethiopian rift system represents the northeati bf the East African Rift that
consists of three zones with distinct volcanic addages and tectonic features. These are
the Afar Rift system to the north, the Main EthapiRift (MER) valley at the central and
the south western part. The central sector is rtiwaa 200 km long and about 75 km
wide. The Afar rift forms a triangular depressi@nnied by triple tectonic interactions of
the Red Sea and Gulf of Aden oceanic rifts with ¢batinental MER. Rift extension in
the MER is generally NW-SE (Mohr and Wood, 1976;ride et al., 1997) and it is
strongly affected by NNE-SSW oriented active norrfallts of the Wonji Fault Belt
(WFB) on the east and the Silti-Debre Zeyt Faulh&¢SDZFZ) on the west, with a
large displacement of about 1500-2000 m betweenitih#oor and the plateau (Mohr
1962, Di Paola, 1972; Woldegabriel et al.,1990).

Previously as an integral component of the AwasleRbasin the Alleydege plain was
studied for its potential groundwater resource liyidpian Ministry of Water Resource
(MWoR), Food and Agricultural Organization (FAO), atér Works Design and
Supervision Enterprise (WWDSE) and some individwaisgeneral and regional levels.
To state the reviewed previous works;

I. Alleydege Plain Groundwater Resources Evaluation Project Hydrogeological
Report, Water Works Design and Supervision Enterprise (WWDSE), 2009

In this report the primarily intended work as plee agreement between the MoWR and
WWDSE was to drill 16 test wells and 4 observatiells for the purpose of
hydrogeological investigation of the Alleydege plaiHowever due to some
inconvenience only 13 test wells were drilled advbich on 8 of them pumping test
was conducted and the rest work was suspendedit®¢sp created data gaps, on the
basis of the available data, the report classitiedAlleydege plain in to two groundwater
bearing formations: the unconsolidated sedimenif@qwith intergranular permeability,
and extensive volcanic aquifers with fractured peahility. The report concludes that the
unconsolidated aquifer is highly productive whesgetlae fractured volcanic aquifer is
moderate to highly productive.

The report also stated that the Alleydege grounemaliain receives its recharge mainly
from direct infiltrations of rainfall followed byndirect recharge from Awash River and
then from subsurface percolations from highlandadpfcent slopes. Altogether the crude
estimated annual groundwater recharge to the hesing Darcy method was defined to
be 112 x 1&m’.

1. Hydrogeology of the Alleydege Plain and its Environs (Middle Awash Valley, Afar
Region), prepared by Asfaw Aymeku, Unpublished Msc.thesis, Addis Ababa
University, 2006.

This report stated that the Alleydege plain has ayateep groundwater system whose
groundwater level varies northwards from 60 m torenthan 80 m over the plain.
Fractured basalts and ignimbrite interbeded withaltwash plain gravels and volcanic
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sand is the major aquifer unit of the area andeisted pediments. Groundwater recharge
to these aquifers is most possibly from precipaton the eastern mountain range. The
Aquifer units in the Alleydege plain relatively sh® better transmissivity Values than the
alluvial aquifer of the river valley. Transmissivitalues ranges from 200-60C fd with
minimum drawdown of less than three meters. Theomspurce of recharge for the
aquifer of the river valley is the indirect perdma of the Awash River to the valley.

1. Geomorphic geological and Groundwater studies in the Awash valley, prepared
by D.T.Currey, Hydrogeologist consultant FAO, 1972.

This report evaluated the available groundwatesues of the middle awash valley. The
study was accompanied by drilling and conductingmping test on three boreholes each
with a depth of 100 m located in different loc&gi From the pumping test result the
report concluded that the valley has got sufficigmaundwater resource. Furthermore the
report also revealed that the valley has got itpomeecharge from the Awash River

where the aquifer is exposed to the river alongitrex course.

IV.  Additional Geomorphic, Geological and Groundwater Sudies in the Awash
Valley, D.T. Currey, FAO, May 1973.

This report also discussed about the groundwatssuree potential of the valley by
employing additional geologic and geomorphic stediene study further stated that by
deepening the boreholes additional aquifer thangthens the availability of enormous
amount of groundwater beneath the Alleydege plamle encountered.

V. Hydrogeology of South Afar and Adjacent areas (Ethiopia) supported by
interpretation of Landsat imagery, prepared by Mezmure Haile Meskale,
Unpublished Msc.thesis, International Institute for Areal Survey and Earth
Sciences (ITC) Enschede, The Netherlands, December 1983.

This study tried to decipher possible hydrogeolabioformation from the interpretation
of Landsat imagery covering an area of about 173@0bfor an area that encompasses
southern Afar and adjacent escarpments and somsg @fathe Ethiopian and Ethio-
Somalian Plateau.

This report presented a hydrogeological map andrteg South Afar and adjacent areas
by integrating various hydrogeological data witformation obtained from interpretation
of Landsat imagery. The study focused on a hydrdoggmal system of an almost closed
basin that only considers surface water inflow fribra southern part and precipitation as
input components. The only output considered ipetranspiration. Groundwater inflow
into the basin is considered to be equal to groatermoutflow from the basin.

The study concentrated on various aspects of iapdt output relations and analyses
different aspects, such as climate, hydrology, agpglgeomorphology, and vegetation.

The water balance of eleven catchments, sub- basithdasins is calculated in different
ways on a monthly and yearly basis. The reporedttiat in all the methods, the order of
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magnitude of the water that is stored in to the l@laoea is about 55 millimeters per year.
Beside that this study also used and statisticatiglyzed hydrochemical data of 139
water samples.

VI.  Earth Resources Technology Satellite | Uses and Additional Groundwater Studies
in the Awash Valley. D.T. Currey, FAO, April 1974.

Like the previous report the objective of this report was evaluating the groundwater
resource potential of the Alleydege plain by adopting new scheme which is EARTH
Resources Technology Satellite | Imagery and description and logs of new boreholes.
This study also concluded that there is extensive amount of groundwater in the
Alleydege plain.

VII.  Groundwater Resources of the Alleydege Plain by Ketema Tadesse and Heroic
Ferdinand, 1983.

In this report the study covered an area of 1950kmthe area that extends from Awash
Arba to Gewane towns. The study was conductedviesiigate the groundwater resource
of the Alleydege plain.

As per the study the area is dominated by alluwuth some volcanic outcropping and
the hydraulic conditions disclose that ground waseconveyed from the surrounding
alluvium and the volcanic aquifers to the AwasheRiwWoreover the groundwater level
of the plain ranges from 60 m to 80 m depth withumdwater temperature range of89
to 43c.

VIII.  Master Plan for the Development of Surface Water Resources in the Awash Basin,

Final report, Volume, EVDSA, HALCROW, December 1989

This report demonstrated that the awash valley &t sink that receives recharge from
through flow from the escarpment slopes and dineftitration from the rainfall. The
depth to groundwater level ranges from 60 to 90 md the well yield from such
boreholes ranges from 1 to 10 /s which the repoéantioned that exploiting the
groundwater from such aquifers is not feasibletti@rmore the report stated that fluoride
concentration of the area ranges between 1.2 md/Ba&83mg/l while the TDS of the area
extends up to 8000mg/l.

IX. Wl Completion report on wells drilled in Awash Arba and Awash Sebat Kilo,
WWDSE, 2004

This, well completion report portrayed two borelsoldrilled in Awash Sebat kilo and
Awash Arba military camps. The water strike poimt the Awash Sebat Kilo borehole is
at a depth of 160 m while the Awash Arba is at ptldeof 180m.The water quality
analysis result of this boreholes show that thesgdavater is suitable for both drinking
and domestic uses.
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4 METHODOLOGY AND DATA
4.1 Methodology

Representative set of samples were collected frdma@ive water supply boreholes
penetrating different lithological units (annex rida2). Boreholes prior to sampling had
been pumping for several years. Sampling was algentfrom one hot spring and Awash
River.

Temperature, electrical conductivity, total dissamlsolids (TDS), and PH were measured
in the field using EC-Meter and thermometer to easthe inclusion of atmospheric
contamination and to improve measurement stability.

All stable isotopes measurement was carried owtdalis Ababa University where as
inorganic major cation and anion measurement wasedaout at laboratory of Water
Works Design and Supervision Enterprise (WWDSE).

4.1.1 Isotopes (deuterium, oxygen-18) and hydrochemistry (major ions) techniques
A) Isotopes (deuterium, oxygen-18) technique

Deuterium ands*?0O in natural waters are subject to fractionatioocpsses during their
transport between the earth's surface and the ptrecs. These processes are sometimes
easily interpreted and can yield valuable inforovaton particular parts of the water
circulation. However, the fractionation processes aften complicated by subsequent
mixing processes in the atmosphere, which makesggrétation more difficult.

Deuterium and oxygen — 18 are stable isotopes ¢érnvand are found in all waters in

proportions which are determine by their abundacesarth and on small differences in
their physical properties as compared with the nhailk species, hydrogen and oxygen—
16.

The stable isotope species of the water molecute HDO® and HO'. Both have
slightly lower saturation vapour pressures thanatutnary water molecule 40*. In all
evaporation and condensation processes thereheilefiore be a slight fractionation of
deuterium and oxygen — 18. They are somewhat exdtichthe liquid phase and depleted
in the vapour phase. As a result different souraiesecharge (e.g. precipitation vs.
surface waters) and rain falling at different tindesing the year (e.g. dry season vs. rainy
season) feature different isotopic signaturesollows that under favorable conditions,
the timing of direct recharge events may be dedtizenigh a comparison of the isotopic
signatures in groundwater with those of precipotatiin addition, the interaction between
the groundwater system and the regional surfacenkaidies may be explored.

The depletion and enrichment of deuterium and oxygd8 in different condition along
with water chemistry also enables to characterizatial heterogeneity between the
Awash River and the riverbank [alluvial] aquifers.
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Measurement of the stable isotope composition lofizad water is a useful method for
discriminating the cause of salinity because weitat is saline due to evaporation will be
isotopically more enriched than the source watéereas water that is saline due to salt
addition or transpiration will not change isotopamposition.

Isotopic abundances may be given by their isotapiecndance ratios, for instande/1H
or ®0/*°0. For practical reasons, instead of using thetope ratio R, isotopic

compositions are generally given &svalues, the relative deviations with respect to a
standard value, as defined by:

_ Rsample
Rstandard

Where R represents the ratio of heavy to lightiget(e.?H/*H or **0/*°0)

The accepted standard for the isotopes in watdfSBIOW (Vienna Standard Mean
Ocean Water), which is close to the original statndat SMOW as defined by Craig
(1961b). These abundances are the values repantabef reference standard VSMOW,
defining the value od= 0 on the VSMOW scale. TRevalues of water samples are then
given as:

S _ Rsample
VSMOW ™ pysmow

4.1.2 Q-mode Hierarchical cluster analysis

The hydrochemical data have been used to categihiezeraters into different objective
water classes on the basis of Q-mode statisticake analysis. Statistical classification
of geochemical data by Q-mode hierarchical cluatelysis (HCA) has been proven to
provide a suitable basis for objective classifmatiof water composition into
hydrochemical facies (Meng and Maynard, 2001; Gideral.,, 2002, Guler and
Thyne2003; Kebede et al., 2005). Q-mode statistiadter analysis is conducted using
Microsoft- Excel addinsoft XLSTAT _Pro version 25rogramto describe the major
hydrochemical facies in the study area, and to egathformation ongroundwater
circulation patterns, hydrochemical evolution, antractions between the groundwater
and Awash River and finallyo use these hydrochemical facies as tracers eotifgl
groundwater flow paths in the aquifer system of Atleydege plain. In addition to that
the Q-mode hierarchical cluster analysis (HCA) Isaised to see the water types and
investigate the presence of any temporal chang#dseinvater quality. This classification
is useful especially to understand geological adaton water chemistry under conditions
where useful geochemical data are available batr ¢lgdrogeologic models have not yet
been developed.

The term hierarchical cluster analysis (HCA) encasges a number of different
algorithms and methods for grouping objects of ksimkind into respective categories.
This tool sorts different objects into groups sticat the degree of association between
the objects is maximal if they belong to the samoeig and minimal otherwise.
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In this study, and in order to perform HCA, an aggérative hierarchical clustering was
developed using a combination of the Ward'’s linkaggthod as a clustering algorithm
and Euclidean distances as a measure of similafiye Euclidean distance is the
geometric distance in multidimensional space. Wandéthod is known to be distinct, as
it uses an analysis of variance approach to ewalins distances between clusters. The
result of such analyses is a graph, called dendnogr

For the analysisrdy the 11 most common variables (specific conduz#a pH, Ca, Mg,
Na, K, Cl, SQ, HCG;, CO; and temperature) were used in the statistical arslyhese
data were analyzed in Q-mode in order that sintiégribetween specimens or samples
could be discovered (Ashley and Lloyd, 1978,). Huvantage of HCA is that many
variables such as physical, chemical or isotopimmasition can be used to classify
waters. In order that the variables have equal htelge raw chemical data should first be
log-transformed and standardized. This restriatsitifluence of or the biases caused by
the variables that have the greatest or the smali@sances or magnitudes on the
clustering resultsThe database treatment procedures and detailddnation of the
hierarchical cluster analysis technique used by $hidy can be found in the article by
Swanson et al., 2001.

4.1.3 Inverse geochemical modeling

As part of a systematic and sequentially develagpedndwater hydrochemical evolution

model, inverse geochemical models were done and haen used based on the water
chemistry for each group and the mineralogy ofatea.

(Thyne et al., 2004; PHREEQC, Parkhurst and App&889; Plummer et al., 1983;
Kenoyer and Bowser, 1992; Varsanyi and Kovacs, 1#8dalgo and Cruz-Sanjulian,
2001; Wang et al., 2001).This tool is very essémbialetermine the type and amount in
moles of minerals that dissolve or precipitate gl@ groundwater flow path. In the
presence of information on the hydrogeology ofares, the flow path can be determined
from hydrogeological knowledge of the ard@de initial and the final member can be
chosen by taking into account the location of thanf the hydraulic heads of the aquifer
system and observed trends in chemical evolutiothefwater (Kenoyer and Bowser,
1992; Varsanyi and Kovacs, 1997; Hidalgo and Craapdian, 2001). In areas where
information on groundwater flow direction is lacgirthe initial and final waters can be
selected from the HCA groups. This is based orlabgeal assumption that waters which
fall in a statistical group may have similar reside time, similar recharge history, and
identical flow paths or reservoir (Swanson et 2001; Gu™ ler and Thyne, 2004). The
PHREEQC computer code (Parkhurst and Appelo, 19883 used to simulate the
geochemical evolution among the average compoditigtatistical clusters.
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4.2 Limitation related to field work and data

One of the major limitations to the field work ihet study area is that boreholes are
sparsely located and some boreholes are diffioudtctess by car; as a result, one has to
walk through dense, poisonous, thorny trees desipéehigher temperature of the area.
Data on the hydraulic head distribution for thefediént aquifer system prevailing in the
area are totally difficult to obtain. Monitoring teholes do not exist, and hydraulic head
measurements in the production boreholes would riflienced by abstraction of
groundwater. Furthermore monitoring of hydrauli@adi® in production boreholes is not
possible, unless hand pumps or electric pumpsianeadinted from the boreholes. About
thirteen deep test wells whose data would have beme realistic if they were accessed
were recently drilled under the study and supesuwisof WWDSE for investigation
purpose. Nevertheless, among the thirteen borehmhyg in two of them pump is
installed and groundwater sample can be obtainkd.r@&st of the boreholes are simply
left caped and could not be accessed. To access bweholes it is required to have a
welder with a welding machine and a grinding maehia track, a generator and a
groundwater sampler minimum to 170 m depth. This gt been realistic and possible
as part of this research given the logistical peoid, the additional workload, and the
resistance from the local communities it would gatee Therefore, flow directions have
been deduced based on the hydrochemical evolufignoondwater and hydrochemical
facies.

Borehole logs are not available for many of theestigated boreholes. However,
borehole depths and groundwater level are knowrafmut half of the boreholes. The
presence of hand dug wells, shallow wells, and Hmdes let the analysis more difficult
and complex since the samples collected from eabknse represent different aquifer
system. Furthermore, because of lack of groundveatempler, the sample obtained from
a borehole cannot represent to a unique depth @eaifie aquifer rather it represents the
borehole as a hole and so is for the result oatradysis.

Overall 34 deep wells (depth100 m), 6 intermediate depth wells (depth betwé@n
and 100 m), 11 shallow wells (depth60 m), 2 hand dug wells (depth6 m) and 1
spring are taken from the previous works. Besi@e tiwo boreholes with stable isotopes
of water and tritium and one borehole wilC anddata are also taken from previous
works. Overall the data are not complete; 75% efltbreholes lack borehole log, 25% of
them lack data on static water level and 22% ofvalier schemes lack water quality data.

To assist this research new data of stable isdtwp24 groundwater samples one spring
and one river (Awash River) together with water Igyalata are generated for the wet

season (September, 2010) and dry season (JanuHry). Zor this research sampling

points of boreholes are systematically selecteatdier to cover all over the area based on
static water level.

Therefore despite the existence of data gaps rnéasonably possible to undertake this
research with the available data of previous warks the primary data generated.
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Data availability in the study area
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Figure 4. 1 Distribution of data availability in the study area
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5 RESULTS AND DISCUSSION

For graphical and numerical analysis of hydrochahdata AquaChem software package
4.0 versions is used. This software package femtaréully customizable database of
physical and chemical parameters and it providesmaprehensive selection of analysis
tools. In addition, AguaChem features a built-iklio the popular geochemical modeling
program PHREEQC for calculating equilibrium concatibns (or activities) of chemical
species in solution and saturation indices of sphdses in equilibrium with a solution.
As a result the inverse geochemical modeling ofwhter quality data is analyzed by the
geochemical modeling program PHREEQC which is khketh this Aquachem software
package. Beside that areal distribution and trenldlydrochemical and isotopic data are
analyzed by using graduated symbols in ArcGIS saritvpackages.

5.1 Evaluation of chemical analysis results

» Data Quality

Prior to the analysis, the water quality results tbé two sampling seasons are
summarized in tables (5.2,and 5.3) providing addal water standards of Maximum
Acceptable Concentration (MAC) of (European Unid898; WHO, 1993, 1998) and
show the percentage of samples above maximum ctaten limits.

In order to evaluate the correctness of the laboyaesults various methods of reliability
check are undertaken as per Hounslow (1995).Tiedbrigly check results of the analysis
Show that over 90.5% of the total samples colleass within< 5% calculation of
reaction error for ionic compositions. This could ue to the presence of systematic
error which could arise from overestimation of opne more cation species or
underestimation of one or more anion species imgter.

Despite the presence of systematic errors in nd@&% of the samples the overall quality
of the data is within the acceptable range to agpamy the research.

Test Permissible value Number of Comments
samples

Anion — Cation Balance 9.5 % of the total samples

collected (4.25% from

% diff= (cation—anion) >5% 2 shallow wells and 4.25 %

0 e —
(cation+anions) from deep wells).

K*/(Na" + K*) >20% - All the samples are < 20%

Na'/(Na" + CI) <50% - All the samples are >50%

Ca’?/( Ca” +S04%) >50% 8 36.36 % of the samples collected
of which 4.5% of Spring,22.72% of
shallow wells and 9% of
intermediate depth wells (Between
60 and 100 m depth)

Table 5. 1 Reliability check for the correctness daboratory results for the samples
collected at the end of the rainy season (Septembh&010).
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Test Permissible] Number | comments
value of
samples
Anion — Cation Balance 15.79 % of the total samples
collected, from which 5.26

% >5% 3 % is from Awash River

.. (cation—anion) and 10.53 % are from
diff= (cation+anions) shallow wells

K*/(Na" + K") >20% - All the samples are < 20%

Na“’(Na' + CI) <50% - All the samples are >50%

Ca“/( Ca” +S04%) >50% 11 61.1 % of the samples collected of
which 5.5% of Spring,5.5 % of
hand dug well, 22.2% of shallow
wells and 27.8 % of intermediate
depth wells (Between 60 and 100
depth)

Table 5. 2 Reliability check of the correctnesf laboratory results of the samples

collected during the dry season (January, 2011).

Parameter Unit Min.| Med.| Max.| EU WHO >MAC

standard | standard (%)

TS(105°C) Mg/l | 298 | 584 1480

TDS(105°C) | Mg/l | 238 | 580 1480

EC puS/cm| 380 | 893 2320

pH 7.31 | 7.79 8.61 >6.5,<9.5

NH3 Mg/l | 0.16 | 0.23 0.45

Na Mg/l | 35 122 500 200(MAC) 23.8

K Mg/l |2.4 12 20.5

Ca Mg/l | 2.28 | 22.8 79.04

Mg Mg/l | 0.91 | 10.03 | 27.36

Fe Mg/l | 0.01 | 0.04 0.02 0.2 (MAC

Mn Mg/l | 0.89 | 0.89 0.89 0.05 0.05 4

F Mg/l | 0.62 | 1.47 103.751.5 1.5 47.6

Cl Mg/l | 0.08 | 55.52 | 321.26250 4

NO, Mg/l | 0.01 | 0.01 5.02 0.5 MAC 200

NO; Mg/l | 1.14 | 5.55 420 50MAC 50 4

Alkalinity Mg/l |126 | 354.9 | 609

Carbonate Mg/l | 10.08| 15.12 | 512.4

(COy)

HCGO; Mg/l | 73.02| 353.56| 742.98

SO Mg/l | 0.94 | 56.36 | 161.583250

PO, Mg/l | 0.36 | 0.7 1.12

Table 5. 3 Analytical results [minimum (Min.), medan (Med.) and maximum (Max.)

values] of boreholes, hand dug wells , springs arfdwash River collected at
the end of the rainy season (September, 2010) inetlstudy area.
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Parameter Unit | Min. Med.| Max.| EU WHO >MAC
standard | standard (%)

TS(105°C) Mg/l | 382 600 1360

TDS(105°C) | Mg/l | 378 598 1356

EC puS/cm| 579 916 2060

pH 7.1 7.67 8.51 >6.5,<9.5

NH; Mg/l | 0.16 0.23 1.3

Na Mg/l | 76 184 540 200(MAC) 27.77

K Mg/l | 2.7 11.4 26.20

Ca Mg/l | 4.80 23.2 92

Mg Mg/l | 0.96 5.76 16.32

Fe Mg/l | 0.01 0.04 0.05 0.2 (MAC

Mn Mg/l | - - - 0.05 0.05

F Mg/l | 0.5 2.26 52 1.5 15 55.55

Cl Mg/l | 19.88 | 62.46 | 219.57250

NO; Mg/l | 0.01 0.01 0.01 0.5 MAC 200

NOs Mg/l | 0.17 3.26 13.18| 50MAC 50 4

Alkalinity Mg/l |218.5 | 340 836

Carbonate Mg/l | 20.52 | 23.4 34.2

(COs)

HCO; Mg/l | 266.57| 950.38| 403.65

SOs Mg/l | 19.08 | 63.68 | 219.94250

PO, Mg/l | 0.27 0.41 1.53

Table 5. 4 Analytical results [minimum (Min.), medan (Med.) and maximum (Max.)

values] of boreholes, hand dug wells

during the dry season (January, 2010) in the studgrea.

, springs anflwash River collected
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5.2 Groundwater quality
5.2.1 Groundwater quality and water quality indicators

The quality of groundwater depends on the compsiif recharge water, the interaction
between the water and the soil, soil-gas and ratk which it comes into contact in the
unsaturated zone, the residence time and reathansakes place within the aquifer.

The physical parameters such as temperature, pbidity and the chemical parameters
like, alkalinity, bicarbonate, nitrate, sulfateydtide, chloride, sodium adsorption ratio
(SAR), total hardness and electrical conductivigy eonsidered during the assessment of
water quality of the study area.

5.2.1.1 Physical Parameters

= Temperature

The temperature of the study area ranges betweeimmi of 29.4C and maximum of
40.£C. The minimum temperature is observed in the shalvell of the Awash River
valley and the maximum temperature is recordecheshallow well of the Alleydege
plain and the hot spring of Billen area. The spagmperature variation shows that the
southern, south eastern and eastern parts of #aease characterized by a relatively of
lower temperature and the temperature gradualhg@ses towards the rift floor along the
flow direction. There is no appreciable temporatiatéon of temperature between the
samples collected at the end of the rainy seasdmanng dry season.

[ pH

pH is the negative logarithm of hydrogen ion andsitharacterized by a minimum of
7.31 at Awash Arba in the Alleydege plain and a imaxn of 8.61 about Melka Sedi area
in the Awash River valley. Generally 100% of thengtes collected during the two
sampling seasons are within the Acceptable coraonr limits of WHO and EU
standard for drinking water.

=  Turbidity

The groundwater of the Alleydege plain is non tdebiOne shallow well and a hand dug
well lying close to the Awash River has a turbidify5 and 1.83 NTU (Nephelometric
Turbidity Units). Two deep wells, AP2 in the Alleyge plain and New age lying close to
the south eastern highlands, show 5.11 and 11 Nddh.eThe maximum turbidity is
observed in the Awash River which is 212.8 NTUhe sample at the end of the rainy
season, however, its turbidity normally loweredinigithe dry season.
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5.2.1.2 Chemical Parameters
= Salinity

In general the groundwater of the area is charaetkiby low salinity of 126 to 358 mg/I
around the south eastern and eastern highlandghandlleydege plain. Nevertheless
traveling to the rift floor along the flow directidhe concentration gradually increases to
a value of 409 to 609 mg/l. The areal distributadrsalinity is inversely related with the
concentration of C4 ions while by and large it portrays an increasirend with the
concentration of HC® ion (fig.5.1, 5.2, 5.3). The south western, southand south
eastern parts of the study area are depicted byHIG®; ~ ions. The HCO3®ons generally
increases in the rift floor along the flow directiothe C& ions markedly decrease from
south eastern and eastern highlands to the rifir flo the north western and northern
directions displaying a general decreasing trendagthe flow direction and areas of low
salinity zones coincide with high &aions. Beside that there is no significant temporal
concentration variation of salinity in the sampd¢she end of wet season and during dry
season.

Distribution of Alkalinity in the study area
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Distribution of Ca+2 ions in the study area
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Distribution ofHCO3- ions in the study area
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s Causes of salinity

Measurement of the stable isotope composition lofizad water is a useful method for
discriminating the cause of salinity because wdtat is saline due to evaporation will be
isotopically more enriched than the source watérereas water that is saline due to salt
addition or transpiration will not change isotopamposition.

The rise in the concentration of salinity is morermunced in boreholes located in the
Awash River valley and rift floor (fig.5.1). Borelas of the Awash River valley for
which measurement of stable isotopes of water ottedushow enriched isotopic
signatures while there is no significant changéhm concentration of chloride ion. This
condition elaborates that the cause of salinitthan Awash River valley and rift floor is
due to salt addition by dissolution of salts frdme soil of the alluvial aquifer. A similar
event is observed for groundwater samples of tlyesdason where the groundwater
samples portray isotopic enrichment while theranaschange in the concentration of
chloride ion. Therefore it can be deduced thatctgses of salinity in the salinized areas
of the Awash River valley and rift floor, for bothe wet and dry season data, is mainly
due to addition of salts by the process of dissmhuffig.5.4a, and b).
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Chloride Vs 180 for dry season samples
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Figure 5. 4 Correlation of$'®0 Vs chlorine (a= for rainy season sample, b= forrgt
season sample)

« Distribution of ions

The dominant cations in the area are" ldad Ca* ? ions. HCO3 ions followed by
chloride and sulfate ions are the dominant aniofise south eastern and eastern
highlands® have N&don concentrations that lay within the acceptabtgts of European
standard (< 200 mg/l). Due to the hydrothermalafiehich is the common activity in the
rift valley, and the presence of enormous acidilcamcs, there is a gradual increase in
the concentration of this ion towards the rift flao the north western direction reaching
to a value of 500 mg/l around Melka-Worer area.§fi§). Unlike the Nawhich increases
towards the rift floor, the C&ions concentration is high towards the highlantibasic
volcanic rocks (fig.5.2).

Over all 23.8% of the samples collected at the@nainy season (September, 2010) and
27.77 % of the samples collected during the dnssegJanuary, 2011) show Nin
concentration above the maximum Acceptable Conagotr (MAC) limits of European
Union and WHO standards for drinking water.
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Distribution of Na+ ions in the study area

620000

1010000 1020000 1030000 1040000 1050000 1060000

1000000

620000

630000 640000

L
}

650000 660000 670000 680000

, : Wi ! 6,800Meters

AW3 phat

Legend
[ Boundery of the study area
1 Towns or villages
= NNE trending lineaments of WFB

— Awash River
= Asphalt Roads

~— Streal
Na +(mg)l
+ 0.000000 - 35.000000
# 35.000001 - 96.000000

. 96.000001 - 164.000000
. 164.000001 - 250.000000

‘ 250,000001 - 540.000000

Rhyolitic volcanic centers. Intercalation

of rhyolite with andesite , trachyte, obsidian ,
minor pyroclastic flow deposites and lahars;
Gumbi,Asebot,Meiso,and Afdem Mountains
I

Dino ignimbrite. Ignimbrite sheets

locally interbeded with Afar stratoid

basalt lower

R%ylolltlc ignimbrite. Acidic lava flow,
differentially weathered, forms horst
structures west of Alleiydege plain,

Afar stratoid basalt lower. Transitional
basalt, aphyric to vesicular basalt locally
interbeded with ignimbrite sheet, Greatly
affected by faults,

=

Afar stratoid basalt upper. Mostly vesiculated
and ruby surfaced transitional basalt covers
most of the rift floor,

Dofen strato volcano, Steep conical volcano
built by the eruption of andesite, decite,and

ﬂolile lava
el outwash. Unconsolidated gravel of bas:
and rhyolites interbeded in tuff and conglomer

ﬁnﬂal fan, compositionally inmature sedime
consisting of gravel, sand and silty layer, also
contain debris flow.

£30000 §40000 650000 70000 680000

e deposits, gravely and sandy material filli
e graben and slope areas,

lluvial deposits brown and black clay, lacustr
deposits and natural River levee.

Figure 5.5

= Nitrate

Distribution of Na’ ion in the study area

About 96% of the samples analyzed for nitrate cotraéion in the area fall within the
acceptable limits of EU and WHO standards (belom&).The rest 4% of the nitrate

concentration which exceeds the MAC of EU and WHé&ndards is observed in the

shallow wells, dug close to the Melka Sedi Campthef Middle Awash State farms.
Shallow wells of this particular area show sigrafitly higher concentration of NNO3
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that amounts to 420 mg/l. This might have pointed wards contamination from
fertilizers being used for the intensive state fagwpractice in the area. In addition to that
human source and animal source of contaminatiorirerether possible causes for the
rise in NQ/NO;s; concentration in this area. Wells with high M&O; values should be
checked for bacterial contamination. The arealatim of NQ/NOs; portrays that the
north eastern and south eastern parts of the sttedy are characterized by a relatively
lower concentration while the south western paoirsh relatively higher concentration.

=  Sulfate

The SQ? ion concentration varies from a minimum of 0.94/Inbgg maximum of 161.53
mg/l. The majority of the shallow wells show higleencentration greater than 100 mg/I.
However intermediate and deep wells have a relgtiosver concentration of SG ion
that ranges between 17 mg/l and 78 mg/I.

The areal distribution of sulfate ion indicatesiacreasing concentration towards the rift
floor along the flow direction in the Awash Rivealley. The Alleydege plain shows a

relatively lower concentration of less than 78 m@he southern and south western and
south eastern parts of the study area are chawmsttdoy lower sulfate concentration of

less than 57 mgl/l.

The sulfate ion concentration depicts higher cotration in the samples of the dry
season than the samples of the wet season.

=  Fluoride

The fluoride concentration portrays a general iasiey trend along the flow direction.
The southern, south eastern and south western qgfatti® study area show a relatively
lower concentration. On the other hand the northeorth western and north eastern parts
take a relatively higher concentration of fluoridig.5.6).

About 47.6 % of the samples of the wet season &B5%0 of the samples of the dry
season show fluoride concentration that exceedsvth€ of EU and WHO standards
(<1.5 mg/l).

The minimum fluoride concentration in the area .820mg/l in the deep well of Awash
Arba town water supply well found on the Alleydegglain and the maximum is 103.75
mg/l observed in the shallow well of Melka Sedi gaaf the Middle Awash State farms
located in the rift floor of the Awash River valley

All over the area, the fluoride concentration ie #hallow wells is recorded to be above
the MAC of EU and WHO standard for drinking wat€he majority of the shallow wells
are found in the rift floor of the Awash River v&fland hence the higher concentration of
fluoride in these shallow wells is probably duetlie hydrothermal process which is the
common activity in such areas. The deep wells sfioaride concentration that lay
within the acceptable concentration limits of EWW AMHO standard.

The fluoride concentration of the wet season shimgker concentration as compared to
the dry season.
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Distribution of F- ions in the study area
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Figure 5. 6 Distribution of fluoride concentrationin the study area

=  Chloride

The chloride concentration shows an increasingdtfeom the topographic highs of the
south western, south eastern and southern pattsedftudy area towards the rift floor
along the flow direction. The maximum chloride centation of the area is about 321
mg/l obtained in the shallow wells of the Awash &iWalley around Melka- Worer area
and the minimum is about 0.08 mg/l recorded in ghallow well of the Awash River
valley about Melka-Sedi area.
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= Sodium Adsorption Ratio (SAR

The sodium adsorptioratio (SAR) is used to evaluate the shility of water for irrigation
and it is defined as:

Na’
Jica?' +Mg?' )2

SAR =

The ratio estimates the degree to which sodium lvélkbsorbed by the sc as elevated
sodium in certain soil types can degrade soil stinecthereby resicting water movemer
and affecting plant growth. High values of SAR isnphat the sodium in the irrigatic
water may replace the calcium and magnesium ionghénsoil, potentially causir
damage to the soil structul

The SAR distribution in the ards shown to increase along the flow direction. 'south,
south eastern, armgbuth western parts of the study area are chaizsteby a relativel
low SAR, while thenorthern north easternand north western parts possess hit
concentration of SAR @.5.7)

The maximum concentration of SAR is 40.85 meq/l enfbund in the rift floor aroun
the town of Melka Worer and the minimum is 1.16 meq/l indicated ie tasten
highlands about the area of H-Sodoma.

The Wilcox diagram in fig.5.8 shows th35% of the samples are within low sodi
hazard and medium salinity hazard zone. These sateemes are totally deep wells
the Alleydege plain and they are parts of the salugter as per the result obtained fr
agglomerative hierarchical cluster lysis. Among the deep wells of the Alleydege pl:
about 70% of the deep well groundwater samples dbamsodium hazard and medit
salinity hazard while the rest 30% of the deep welundwater samples of this plain fe
under low sodium hazard and h salinity hazard zone. The Awash River
characterized by low sodium hazard and medium isalivazard. A total of 28.57 % «
the water samples from various water schemes dhegvthe medium sodium hazard &
high salinity hazard zone. The majority these schemes which cover about 66.6%
shallow wells of the rift floor in the Awash Rivealley. They belong to same clus
Finally about 19 % of the samples are within highvéry high sodium hazard and hi
salinity hazard zone. These are maithallow wells of the Awash River valle
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Distribution of SAR in the study area
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Figure 5. 7 distribution of SAR in the study area
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Figure 5. 8

= Electrical conductivity

The electrical conductivity of the area increaskEsa@ the flow direction towards the
Awash River valley in to the rift floor from 454¢s4 in the highlands around Huse
Sodoma to a maximum of 2230 ps/cm around Melka Wearein. Comparison of
electrical conductivity of the shallow wells witteep wells in general shows that the
shallow wells possess higher concentration of eéattconductivity. The Awash River
takes the lowest concentration of electrical cotiglitg (380 ps/cm) in comparison to the
shallow wells and deep wells of the study area. él@x comparison of the concentration
of Awash River for the two sampling seasons depitds the sample of the dry season
possess higher concentration of electrical condiigtas compared to the samples of wet
season. The correlations of the electrical conditgtvith TDS shows that hat the two
parameters are strongly correlated (fig5.9, 5.0@,%211).

Overall the electrical conductivity of the areawsi@an increasing trend along the flow
direction (Fig.5.12).
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Scatter plot of TDS vs EC for
shallow wells
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Figure 5. 12

Distribution of Electrical conductivity in the study area
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5.3 Correlation of selected hydrochemical parameters

Correlation matrix of the eleven hydrochemical peaeters (pH,NjK*,Ca?Mg*,Cl
,SO,2HCOy,COs?%, EC,and Temperature) shows that there is a strpasitive
correlation between certain parameters (table 3b¢. four differnt symboles indicated
on the legend of each figure represents the fouomsubgroups of hydrochemical
facies.Correlation between these variables desctite groundwater circulation patterns
,hydrochemical evolution and groundwater flow dii@c.

Correlation of Chloride ion with electrical condwidty and sodium ion (fig.5.13 and
5.14) is the only strong positive correlation obser repeatedly in the two sampling
seasons. Chloride has also a positive correlatitm sulfate ion (fig.5.13). There is also
negative correlation between Nan and C& and Md? ions. Thsese conditions declares
that the flow direction is towards the increasingnaentration of electrical
conductivity/TDS and Cland N&.Furthermore, the negative correlation of N@n with
Ca?and Md? ions shows that the groundwater is evolving fraamewhat C&¥ and/or
Mg*? ions dominance to a Nigons dominance in the identified flow directions A result
of precipetation of CZ& ions bearing minerals, Caand Md? ions are decreasing in the
groundwater following the flow direction.

Total Nuber of Sariples: 28
Unit: ma/l

Conelation cosfficient
pH Na Mg Ca O K Temp HCO3  CO3
pH 10 (0648 ) 0441 D78 0432 4584 0103 0273
Na 10 0% 04 [071] 015 0345 | 037 0716
Mg 10 0488 0168 0111 128 0% 5%2

Ca 10 3%2 8%3 S1E2 QM 4% 1M

i 10 029 084 037 04

K 10 0854] 0146

05 0%

0 02 | 068

Temp 10 0226
10

Table 5.5 Correlation matrix of the selected varibles for Hierarchical cluster analysis
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Scatter Plot of Cl vs SO4
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Figure 5. 15  Correlation of chloride Vs sulfate ionfor wet season sample)
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Figure 5. 16  Correlation of sodium Vs electrical coductivity (wet season sample)
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Scatter Plot of 504 vs EC

EC (uSfem)

e T PP T B i e e e R e e R e A

R = 0.85

i - i : : , i :
40 80 120 160 200

S04 (mgh)

Legend

AP 5
Awash River
BH 12
BH 13
BH 15
BH 16
BH 19
BH 24
BH 26
BH27
BH 33
BH 39
BH- 44
BHS
BH72
BHWHN2
BH21
BHBE
BHES
New Age
SP4

 J S R ER B S B A B EEN N ERESY BN K

Figure 5. 17

Correlation of sulfate Vs electrical enductivity (wet season sample)
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Correlation of sulfate Vs sodium iongwet season sample)
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Scatter Plot of HCO3 vs EC
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Figure 5.19  Correlation of HCO3 Vs electrical conductivity (for dry season sample)
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Figure 5. 20  Correlation of HCO3 ion Vs Na ion (dry season sample)
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5.4 Water types

Piper plot and Durov's diagram are used to classdter types in the Alleydege plain
groundwater system (fig.5.21 and 5.22) for the tgroundwater sampling seasons.
Accordingly, the groundwater is classified into sinajor groundwater types for the

samples of the wet season and five types for théheo dry season.Na-HGGand Na-

HCOs-Cl are the dominant facies. The areal extent asttilolition of these facies are

shown on fig.5.22 and the distribution of each watpes is explained here under.
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the right side correspond to the samples of the drgeason).

Piper plot of the water samples (thieft side is samples of the wet season and
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Figure 5. 22  Durov diagram of the water samples (i left side is samples of the wet

season and the right side correspond to the samplekthe dry season).

» Na-HCG-Cl —type

This type of water is mainly dominated by Nand HCQ ions with minor
inclusions of chloride and relatively higher pH walof 8.2 to 8.6.1t is mainly
found in the discharge area of the rift floor o tAwash River valley. Due to the
strong cation exchange of Gaion with N& and, and the presence of acidic
volcanics in the rift floor, the chloride and sadliuons concentration increases

into the rift floor following the flow direction.

= Na-CI-HCQ; —type

MSC.Thesis by Bizuneh Bekele

52



Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

This type of water is mainly characterized by higleencentration values of
fluoride, CI, TDS, EC and SAR (NiThe sodium and chloride ions are the
dominant ions and bicarbonate is present in mimstituents in this type of
water. The areal extent and distribution of thigetyf water is concentrated at the
south western part of the Alleydege plain and deg&pthe rift floor with minor
presence of S ions.

= Ca-Na-Mg-HCQ —type

In this type of water Cd and N4 ions are the prevalent ions and ¥gnd HCQ

ions are also present in appreciable amount. ItillasTDS and pH value of
nearly neutral. It seems rapidly circulating growater which is undergoing a
pronounced water—rock interaction. In the generabugdwater chemical
evolution model (Plummer et al.,, 1990; Adams et daD01; Edmunds and
Smedley, 2000), Ca—Mg—HGO types of waters are often regarded as recharge
area waters which are at their early stage of gaodaal evolution. Hence the Ca-
Na-Mg-HCG; type of water which is found in the recharge arelthe eastern
highlands around Huse Sodoma area is a dynamicafiylating and evolving
groundwater.

= Na-HCG; —type
This type of water is enriched by Nand HCQ ions. It is characterized by
depletion ofH and*®0.The TDS value of this type of water ranges froediam
to high as compared to the other groundwater samplethe area. Fluoride
concentration of this water is completely above M#C limits of EU and WHO
standard. Generally it is found at the middle &f Alleydege plain and the Awash
River valley where the Caion dominance from the southern, south western and
south eastern part of the study area decreasesmwomsly down along the flow
direction and finally completely vanish.

= Na-Ca-HCQ-CI- type
This type of water is dominated by N&&a? and HCQ and Cl ions are seldom
present at some borehole samples. It is mainlydatrnsouth western part of the
study area.

= Na-Ca-Mg-HCQ - type
Na', Ca? Mg ions are the dominant cations where as K@ is the dominant
anion in such type of water. It is found in the theastern part of the study area
around Bordede town close to the basic volcanicropt

= Na-Ca-HCQ-CI-SO, —type
This type of water is observed in the groundwaten@es (mainly of shallow
wells) of the dry season and Awash Rivef.]a?HCO; are the dominant ions
where as SO4 and Clions concentration are also significantly importastthey
are increasing down along the flow direction to ffiefloor in the alluvial aquifer
of Awash River valley.
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Groundwater type map of the study area
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Figure 5. 23 Groundwater types in the study area
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5.5 Origin of recharge

According to previous studies of the Alleydege plgroundwater system the origin of
the groundwater of the Alleydege plain was deteeaiito be Awash RiveAsfaw, 2006
and Currey D.T, 1972 .Despite the above declared statemdfdiema et al., 1983
concluded that the groundwater of Alleydege pkts as a source of recharge for the
Awash River.EVDSA Halcrow, 1989 stated that the origin of the groundwater of the
Alleydege plain is from direct precipitation andrgaation from adjacent highland
slopes. Recent studies by WWDSE, 2009 also reptitgdhe origin of the groundwater
of Alleydege plain is mainly from infiltration ofigkct precipitation followed by indirect
recharge from Awash River and subsurface inflownfieddjacent highland slopes.

The environmental isotopic result8H ands'®0, for this study are analyzed on the basis
of the local meteoric water line3¥H=7.18*5'%0+10.83) established from the local
meteoric water of Addis Ababa and the GMW&H=8*5'°0+10) established from
Vienna standard mean ocean water (VSMOW). The stlidlige samples collected at the
end of the rainy season depicts that except some wells, intermediate depth wells and
shallow wells of the Alleydege plain, and the Awdiver valley which lie along the
LMWL, the rest water schemes fall above the LMWId &MWL indicating depletion
with both deuterium and oxygen-18.This explains itg@gnificant contribution of the
local meteoric water in recharging the Alleydegaimplaquifer system. Those water
schemes which lie on the meteoric water line shiogvibfluence of the local meteoric
water (fig5.24). However, on fig.5.24 we can sea# time shallow well from the rift floor
in the Awash River valley located at the margirtred WFB portrays enrichment in both
deuterium and oxygen-18 with a remarkably high eleum excess. This is probably due
to the influence of evaporation resulting from tharothermal effect controlled by the
adjacent WFB. The shallow wells of the Awash Rivalley on fig.5.24 of wet season
data show an abnormal depletion in deuterium anggemx-18 instead of showing
enrichment. These shallow wells are located closthé Awash River within few kilo
meter distances from the Awash River. This dematesrthe limit of distance to which
influence of the Awash River as a source of reahaogthe Awash River valley and the
Alleydege plain aquifer system extends. This i® thecause the other shallow wells of
the Alleydege plain and the Awash River valley vwhare also far from the Awash River
(BH-24, BH-44, and BH-27), show a relative enriciminenith heavier isotopes
(fig5.24).The Isotopic enrichments in these shalwesliis which are farther away from the
Awash River together with the deep wells and intdiate depth wells which show a
relative enrichment with the heavier isotopes bhic are not also influenced by the
local precipitation, portray that they are beingh@ged from other source. Almost all of
these wells are wells of the Alleydege plain (fig6y. Therefore these wells are being
recharged from southeastern and eastern highlaiter by percolation along the slopes
or through subsurface inflow from adjacent catchisien
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Figure 5. 24  Scatter plot of stable isotopes of watfor September, 2010 data in the study
area

Some shallow wells and deep wells of Alleydegerplahich were relatively enriched in
the samples of the wet season (BH-27, BH-72) alatively more depleted in the
samples of the dry season. This might have beentalvelatively colder water coming
from deep wells of adjacent eastern highlands améthgiwith the groundwater of theses
boreholes. Because when we look at the hydrochénd@& on (annex-2) of these
boreholes there is a decrease of temperature, EDSalkalinity, HCQ pH, etc., in the
samples of the dry season as compared to the wsbrseHence it can be deduced that
the relative isotopic depletion of these wells dgrthe dry season in comparison to the
wet season is due to mixing with colder water oémevells from adjacent highlands.
Like the wet season samples few deep wells andnetiate depth wells lie along the
local meteoric water line. However, despite thearigj of wet season samples which lie
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above the local and global meteoric water line,data of dry season samples lie below
the LMWL and GMWL showing a relative enrichmenth&favier isotopes.

The deep well (BH1) on figure 5.25 of Awash - 7okdt locality called Dudu from
Awash Sebat Kilo show enrichment in both deuteramd oxygen-18. Another borehole
from Kesem Dam (BH-KD) together with the intermediaand deep wells of the
Alleydege plain which are shifted to the right b&tLMWL and GMWL show a relative
enrichment of heavier isotopes. This depicts that douthern elevated areas are also
hydraulically connected to the Alleydege plain grdwater system indicating that the
Alleydege plain gets additional groundwater rechdrgm the southern elevated areas.

S2H=831%0+ 10
R2s1 A Shallow wells =60m

wells bn 60 &100m

wells >100 m

Hand dug well

i Awash River
HOW-10 -

@ A

BH-WN2 ’
. BH-

= Linear (GMWL d2H)
52H=7.18351%0+ 10,

——Linear (Addis Abab meteoric water)

Figure 5. 25  Scatter plot of stable isotopes of watfor January, 2011 data in the study
area

5.5.1 Groundwater and surface water interaction

The analysis 06°H and 0O values of boreholes of shallow wells, intermeslidepth
wells and deep wells within few kilo meter distarfoem the Awash River show the
influence of Awash River, however, boreholes lodatarther away from the Awash
River do not show the influence of Awash River. EleiThe Awash River recharges parts
of the Alleydege plain and the Awash River valleyifers which lie along the Awash
River within few kilo meter distances from the AwaRiver.
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Further analysis 05'°0 values of these boreholes illustrate that thiuémice of Awash
River within few kilo meter distances from the AwaRiver is limited to borehole
samples collected immediately after the rainy sea$bose borehole samples collected
during the dry season (fig.5.28) do not show tHkiémce of Awash River. This justifies
that the Awash River Recharges parts of the Allggdglain and the Awash River valley
aquifer that lie within few kilo meter distancesrr the Awash River when the Awash
River water level rises. Beside the Awash Riverdheariation, the return irrigation water
from Middle Awash state farms may also directiyuehce the isotopic signature of the
shallow wells of the Awash River valley aquifer.

The intermediate depth wells (depth between 60 &) and deep wells (depti00 m)

of the Alleydege plain show an enrichment'® and D (fig.5.24 and 5.25) for both
seasons as compared to that of the shallow wdilis. i§otopic enrichment indicates that
surface water which has undergone evaporation xngiwith groundwater in deeper
parts of the aquifer of Alleydege plain. These acef waters are most probably flood
water coming from adjacent highland slopes duriainy season and undergone
evaporation along its course prior to recharge fieeiftercepting fractures or cavities that
leads it to mix with the groundwater at deeper aMixing of surface water with
groundwater at depths greater than 60 m is probé&utylitated by water moving
downward through big fractures, or cavities.

It also seems that at the extreme north of theystwea, following the flow direction in
the rift floor, the groundwater flows to the AwaRliver as base flow.
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Distribution of 180 of wet season data (September, 2010)
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Figure 5. 26  Distribution of $'®0 value at the end of rainy season in the study aae
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5.5.2 Groundwater age estimation

For the groundwater age estimation there is ong/lmrehole in the Alleydege plain with
%C data (Kebede, 2004). Three sampling stations fidleydege, Meteka and Gewane
area, obtained from the previous works of Alemayethal., 2006 have a tritium value of
0.02, 0.5 and 0.5 TU each. There are no otherrgacethe previous works or in this
study. Tritium ¢H) is an unstable isotope of hydrogen with a hdéf bf 12.3 years.
Groundwater with less than 2-4 TU is dated priol$®3 i.e., prior to the detonation of
nuclear bomb 1952 & 1962. Therefore despite theerat®s of sufficient data for the
groundwater age estimation, the groundwater oAlleydege plain may be estimated to
be recharged prior to 1953.Further more accordinipe¢ borehole in the Alleydege plain
with **C and®*C data, the groundwater age of the area is estihtgtadifferent models.
The result shows that the groundwater age is estohta be 2264, 3224, 3365, and 2223
years as per Age-Tamers, Age-Mokes, Age-FontesGaadier and Age- IAEA models,
respectively.

5.5.3 Factors controlling the temporal variation of stable isotopes of water

The temporal variation on thH#°0 ands’H value of borehole samples for all types of
boreholes; shallow wells, intermediate depth wafisl deep wells for the two sampling
seasons, Sep.2010 (end of rainy season) and Jah.(@% season), can be related with
changes occurring in short time scales, mainly wighasonal temperature changes. The
samples collected at the end of the rainy seasomagamore enrichment than the dry
season samples. This is probably governed by titeehtemperature followed right after
the rain which is typical characteristics of aritlasemi — arid areas and the topography
of the area. Once the rain drops, the rain watdrthe flood from the topographic highs
around the study area flows to the topographic lasre the water finds a relatively
higher residence time to flow. This condition paes suitable situation for the
evaporation effect to take place evaporating tgktdir isotopes and leaving behind the
recharging water enriched with the heavier isotopes

5.6 Hierarchical classification analyses and its relation to groundwater

dynamics

HCA is used to classify groundwater into objectigeoups based on the squared
Euclidean distance between the different hydrochalniariables. Data was analyzed in
Q-mode in order to get similarity information beemecases. For the analysis the eleven
variables (pH, Cd, Mg*" K*, Na’, HCO;, CI, SQ* , EC, CQ*? and Temperature) are
used to analyse the classification of water contosiinto different hydrochemical
facies, groundwater circulation patterns, hydrodieamevolution. It is also used to
identify the interactions between the groundwatsit Awash River and finally to use
hydrochemical facies as tracers to identify grouaw flow paths and directions in the
aquifer system of the Alleydege plain.
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5.6.1

To avoid any discrepancy and ensure the preseneguafl weight between variables, the

Hydrochemical facies

variables used in the HCA are log transformed amnalized. The major output of this
Q-mode hierarchical cluster analysis is a graphwknas dendrogram (fig.530) from
which different groups of hydrochemical facies asially selected.

Table 5. 6 Hydrochemical facies of groundwater of Reydege plain

SamipEr Id Gealogy | Hydrochemical Facies of we k soason Hyrdrac s miical facses of dry season
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Dendrogram
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Figure 5. 28 Dendrogram of the Q — mode hierarchidaanalysis.

The phenon line is chosen at the index of disshitylaof 0.978 to select the four
subgroups. The left most subgroup is subgroup Ithadight most is subgroup IV.

The broken line” phenon line “is chosen at the ndé dissimilarity of 0.978 to get the
two major hydrochemical facies which are furtheassified into four sub-groups
(fig.5.30). The first hydrochemical facies is chaesized by high pH,NaHCO;, CI,
SO, TDS, and EC and lower &aions (Table5.8). In general this facies is pecutia
the shallow wells of the rift floor in the Awashwer valley. The increase of HGQon
together with the Naion and TDS being accompanied by a decrease Gffetray that
the groundwater is flowing towards the Awash Rivalley into the rift floor evolving
into a Na-HCO3 type of water by gradual eliminatimnCa'® ion from the groundwater
through dissolution of calcium bearing mineralddaled by cation exchange.
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Tempe

Closter | PH | Ca [ Mg | K | Na | RCO3| O | 504 | EC | CO3 | rature

Closterl | 6.33| 1153 636| 970| 48167| 67462| 21073 | 14366 | X07967| 1973 I3

Closter? | 6.27| 1047 401| 500] 263 29109| d672| 5846| 74900( 1935 3255

Closterd | 760| 4986 | 1473 10.99] 10790 | 40202 H115] 5056| 6670 000 3460

Clugterd | 752| 1782 875| 1493] 166.00) 40145] 6080] 59.03| 33088 136( 3625
Table 5. 7 Clusters and cluster results of the parmaeters used in HCA

Opposite to the first facies, the second hydrochahfacies is recognized by possessing
the lowest concentration of Mg K*,HCO5, and Clions and EC/TDS in comparison to
the other three facies (Table.5.7). This faciespeculiar by possessing highest
concentration of C¥ and is mainly distributed at the margin of the AwaRiver valley
and the Alleydege plain. It is either a Na-HECO or Na-HCQ-SO4 type of water. The
chloride concentration of this facies starts teseafrom its nonexistence in the south
eastern, eastern, and south western highlands®pl®ductive volcanic aquifer, passing
through the relatively productive volcanic aquifefr the Alleydege plain where the
groundwater comparatively circulates significantly its existence and minimum
concentration limits at the margin of the produetwolcanic aquifer of the Alleydege
plain and the highly productive alluvial aquifertbe Awash River valley. The majority
of water schemes falling in this category are boleh with a reasonably of lower
temperature in contrast to the other three facié® Awash River is also part of this
facies.

The third hydrochemical facies is distinguishedtisylowest concentration of NaSQ;?,
and CQ? ions and pH. Comparatively aand Md? ions are in their highest
concentration relative to the other three faciemb{@&.5.7). This facies is either a Ca-Mg-
HCO; or Na-Ca-HCQ water type. 70% of the water schemes of theseedaare deep
wells of the south eastern, eastern and south melighlands and Alleydege plain. The
rest 20% and 10% of water schemes are shallow wedism the south western
topographic highs of the Alleydege plain and easteghlands respectively. This part of
the area is the major recharging area of the Alggdplain where the groundwater of the
study area is dynamically evolving from somewhatMigrHCO; fresh groundwater type
to a progressively sodium dominance groundwatee tgwn the gradient following the
flow direction into the rift floor.

The last hydrochemical facies is mainly recognilzgdts high thermal property and high
concentration of HC®, CI, SO4% and N4 ions and high TDS (Table.5.8).The thermal
spring of Billen is categorized in this facies. Mater type of this facies is Na-HGQI,
Na-HCG-CI-SO, or Na-HCQ. This facies is distributed from the central paftthe
Alleydege plain along the flow direction to the thoeastern and northern part of the
study area.
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5.6.2 Hydrochemical evolution and groundwater circulation patterns

Despite the complexity in the lithology of the vatic rocks, the systematic increment in
EC, and other major ions such as"N&", CI, HCO; ~,SQ,? from south eastern, south
western, and eastern highlands passing througAltegdege plain and the Awash River
valley to the rift floor in the north direction e®gns the existence of a hydraulic
continuity between the different aquifers and hytiemical evolution following the flow
direction. In general the Durov diagram in fig.5@®monstrates the overall evolutionary
trend of the groundwater system of the AlleydegaplThe arrow indicated in the Durov
diagram shows the groundwater ageing and evoludlii@ttion. The groundwater evolves
from Ca-HCQ or Ca-Mg-HCQ water type at the elevated part of the Alleydelzenp
close to the basic volcanics in the east or soash ® a Na-HC@CI-SO, or Na-HCQ-

Cl at the margin of the Alleydege plain and the At&iver valley. The groundwater at
this part/margin of Alleydege plain and Awash Riwalley/ of the study area has
typically low concentrations of Ca and Mg, showsignificant hydrochemical evolution.
Finally the Na-HC@-CI-SO4 or Na-HC@-CI water type at the margin of the Alleydege
plain and the Awash River valley evolves to a Na-ClO; or Na-HCQ water type in the
rift floor. These Na—HC@waters, also high in TDS, may have evolved throdghNa—
HCO; and Ca—HC@water type where Caions are lost through CaGQ@recipitation at
elevated temperatures and cation exchange.
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Figure 5. 29  Durov plot of the groundwater sampleshowing water types and the
geochemical evolutionary trend.
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5.6.3 Hydrochemical facies as tracers to constrain groundwater flow paths and
direction of flow

The hydrochemical tracers used in this study amk, (Residual alkalinity= [(HC@
(meg/l))-[(Cd? (meg/l)) + (Md? (meg/l))]]), saturation index (SI) with respectdalcite
and Ca/Mg molar ratio. Of course the choice ofdradepends on the situation. In most
cases, the tracer is used to follow water moveraedthence should move with the water.
It therefore needs to be mobile and soluble; iusthaot be strongly retarded by the soil
or aquifer matrix. Ideally, the tracer should benmeactive and should not transform
during transport. Of course, the tracer needs tedsdy measured and extracted from the
soil. If artificial tracers are used additional stnaints need to be satisfied, such as low
natural levels of the tracer in the environmeng toxicity, and low radioactivity.

In this regard the aforementioned hydrochemicaletrs are applied to constrain the flow
paths and direction of flow.

As it has been discussed in groundwater quality phthis research, the TDS of the
groundwater samples generally increases from seash and eastern highlands, which
are deduced to be the main recharge area for tlegd&ge plain groundwater system to
the rift floor in the northern direction (fig.5.12)ike the TDS, the residual alkalinity

(RA) also show normally the same character as 8, Tincreasing from the south east
and eastern highlands to the rift floor in the hert direction (fig.5.32).
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Distribution of residual alkalinity (RA) in the study area
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Moreover to determine which minerals are likelybt® at or near equilibrium with the

groundwater, saturation indices for different malespecies are calculated by inverse
geochemical modeling using the PHREEQC softwarach#éd to the aquachem 4.2
package. The groundwater of the Alleydege plain alestrates an increasing saturation
index with respect to calcite, dolomite and aragwifiom the south eastern and eastern
highlands to the rift floor in the northern diremsti (fig.5.33). The saturation of these
minerals in the groundwater along the flow directidemonstrates that dissolution of
these minerals was increasing in the flow directiord a thermodynamic (unstable)
equilibrium already exists for each of these mihspacies.

SI = log (IAP/KT) = log (IAP) - log (K1), where

(Sl) = saturation index,
(IAP) = lon activity product,

(KT) = reaction equilibrium constant
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Figure 5. 31  Calcite saturation index trend in thestudy area
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The molar ratio of Ca to Mg increases from 1.25dooup one waters with high TDS
value to a median value of 3.1 for group two watdrsow TDS value indicating that
dissolution of calcite or other calcium-carbonateerals together with significant cation
exchange between &aand N4 ions as observed in the inverse geochemical nugleli
results (section 5.6) are contributing Ca and Mthvai lower Ca: Mg molar ratio (less
than 1.25) along the flow direction. Despite thecalo variation at places which
demonstrates the local variation in lithology, theerall trend of Ca/Mg molar ratio
shows a decreasing trend from the south, eastaitesast elevated areas to the rift floor
in the northern direction (Fig.5.34).

Therefore in addition to the conventional hydrogegl groundwater head distribution
and groundwater evolution trend, the hydrochemiaders clearly demarcated that the
Alleydege plain groundwater system flows from teth eastern and eastern highlands
to the rift floor in the northern direction.
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Figure 5. 32  Distribution of Ca to Mg molar ratio in the study area
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5.7 Inverse geochemical modeling

The inverse modeling cod®HREEQCis very essential to determine the type and amount
in moles of minerals that dissolve or precipitdtng a groundwater flow path. The flow
paths are determined from hydrogeological knowledyelraulic heads of the aquifer,
groundwater evolution direction, and informatioonr hydrochemical tracers already
discussed so far in this papdn this study the inverse geochemical modeling is
conducted for the average chemical compositiorheffour subgroups of water resulted
from the Q- mode hierarchical cluster analysis (HCA
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Figure 5. 33  Dendrogram of the Q — mode hierarchidanalysis.

The phenon line is chosen at the index of disshitjflaof 0.978 to select the four
subgroups of water. The left most subgroup is sulygd and the right most is subgroup
V.

The water which is assumed to be pristine is tdkem a shallow well (BH-44) from
recharge area, eastern highlands, around Huse $odéath of the following four
models are developed by taking the chemical contipasif this shallow well (BH-44) as
an initial solution and the final solution is theeaage chemical composition of the four
subgroups of water. The results of each model m&epted hereunder.
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Model | (BH-44 to subgroup water type - 1)

This model is obtained at input uncertainty of 0.B@r this case two possible models are
obtained:

Phase nol e transfers: Phase nol e transfers:

Halite 5.827e-003 Halite 5. 827e-003
I11ite -1.132e-002 IIlite - 2.139e-002
Pyr oxene 5. 035e- 003 divine 2.518e- 003
Pl agi ocl ase | 3. 727e- 003 Pl agi ocl ase | 7. 376e- 003
Fluorite 1. 415e- 004 Fluorite 1. 415e- 004
K-m ca 6. 962e- 003 K-m ca 1. 300e- 002
Cax2 -4.926e-003 Cax2 - 3. 794e-003
NaX 9. 851e-003 NaX 7.589e- 003
Chal cedony | 3.923e-003 Chal cedony | 1. 400e-002

A) Model - I- 1 B) Model - 1 - li
Model Il (BH- 44 to subgroup water type - 2)

With input uncertainty of 0.05 four possible modate found, however two models are
selected for the analysis.

Phase nmole transfers: Phase nmol e transfers:
Halite 1. 116e- 003 Halite 1.116e-003
I1lite -3.232e-003 Illite -2.524e-003
adivine 1. 769e- 004 Pyroxene 3. 538e- 004
Pl agi ocl ase | 1. 070e- 003 Pl agi ocl ase | 8. 138e- 004
Fluorite 4. 736e- 005 Fluorite 4. 736e-005
K-m ca 1. 985e- 003 K- ca 1. 561e- 003
Cax2 -1.258e-003 Cax2 -1.338e-003
NaX 2.517e-003 NaX 2. 676e-003
Chal cedony | 2. 374e-003 Chal cedony 1. 666e- 003
C) Model - Il — | D) Model - Il #
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Model 11l (BH- 44 to subgroup water type- 3)

With input uncertainty of 0.05 only one possibledabis found:

Phase nmol e transfers:

Halite 1. 089e- 003
IHlite - 3. 083e- 003

Pyroxene | 1. 707e- 003
Al bite 9. 965e- 004
Fluorite | 1. 345e- 005

K-m ca 2.032e-003
Cax2 - 6. 613e- 004
NaX 1. 323e- 003

E) Model - 11l
Model IV (BH - 44 to subgroup water type- 4)

With input uncertainty of 0.05 two possible modaie found:

Phase nol e transfers:

Phase nol e transfers:
Halite 1. 436e- 003
IIlite -4.417e-003 Malite 1 4366-003
Pyr oxene 1. 765e- 003 ITTite -7.946e- 003
Pl agi ocl ase | 9. 253e- 004 aivine 8. 825e- 004
Fluorite 7. 243e- 005 Pl agi ocl ase | 2. 204e-003
K-m ca 2. 960e- 003 Fl uorite 7. 243e- 005
Cax2 - 2. 000e- 003 K-m ca 5. 078e- 003
NaX 3. 999e- 003 CaXx2 -1.603e-003
Chal cedony | 2. 388e-003 NaX 3.207e-003
F) Model — IV- | Model — IV-II
Table 5. 8 (A to F). Results of mass transfer frormverse geochemical modeling for

each four models found for the four subgroups of wer.
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Phases SI (BH-44) | SI(Cluster-1) | Sl (Cluster - 11) | SI (Cluster - Il) | SI (cluster - 1V)
Aragonite -0.12 0.64 0.58 0.47 0.38
Calcite 0.02 0.77 0.72 0.61 0.52
CO2(g) -1.87 2.4 -2.74 -1.87 -2.16
Dolomite -0.1 1.78 1.28 1.14 1.21
Fluorite -1.53 -0.53 -1.02 -1.17 -0.72
H2(g) -22.66 -24.66 -24.66 -23.2 -23.84
H20(g) -1.48 -1.27 -1.27 -1.26 -1.18
Halite -8.03 -5.64 -6.77 -6.87 -6.61
02(g) -37.47 -30.64 -30.64 -33.53 -31.18
Table 5.9 Results of mineral saturation indices for the inital solution (BH -44)
and the four subgroups of water
5.7.1 Evaluation of inverse modelling results

Negative values of saturation index (Sl) indicatedersaturation with respect to a
particular solid phase; positive values of Sl iadicoversaturation; and a value of zero
indicates equilibrium. Table 5.10 indicates tha¢ tjroundwater in the study area is
undersaturated with respect to all gaseous phasesadid phases of halite and fluorite in
both the initial solution (BH — 44) and final sabns (subgroup water type 1 to 4) for the
four models generated. With respect to dolomite arafonite, the initial solution is
undersaturated whereas the final solutions aresatamated. The only solid phase
oversaturated in both the initial solution and ffisalutions is calcite.

All the four models are generally identical excdpgre is a change in number of mole
transfer. K—mica, plagioclase, olivine, pyroxenad ahalite and illite are the primary
minerals of the Alleydege plain aquifer system. ©h&/ mineral species that precipitates
along the flow path is illite. The rest stated pan;nminerals undergone dissolution.

The results of these four models highly illustridte deep aquifer system of the Alleydege
plain where fractured volcanics and scoraceous lisasae the main aquifer of the
Alleydege plain groundwater system. This can besnlesl clearly from the geological
cross-sections (fig.2.4 and 2.5) and hydrogeologiasss-sections (fig.2.7, 2.8, and 2.9).
Moreover, the models result indirectly elaborates surface water and groundwater
mixing at greater depths resulting in the isotagmeichment of deep wells with heavier
isotopes as compared to shallow wells as explamele isotope hydrology part of this
paper.

Because the Naconcentrations exceed ‘Gloncentrations in almost all groundwater
samples, ion- exchange is used to control g&ns. Hence it can be clearly observed that
cation exchange between Nand C&? ions is very significant in all the four models
where the C% ion is being replaced by the Nian along the flow path.
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5.7.2 Conceptual hydrochemical groundwater model

The conceptual model is based on information abearations in the chemical
composition of ground water, the composition ofitegunaterial from previous works of
WWDSE, 2009 and the geochemical study results o gaper. This conceptual
geochemical model is that frequent precipitationtaming dilute concentrations of major
ions charged with dissolved oxygen and carbon dmxeacts with the basic volcanics
and acidic volcanic rocks at places covering mdsthe rugged terrain of the eastern
water catchments. This reaction brought about sotlison of plagioclase, olivine and
pyroxene in the basic volcanics which resulted atuation condition of groundwater
with respect to calcite, dolomite, and aragoniteerghas an undersaturation condition of
the groundwater with respect to gaseous forms 4 k), CO, (g), H> (g),) and Q (g)
(table 5.10). Furthermore as a result of plagieldssolution in particular, there is a
release of C# ions which facilitate the cation exchange behavior

The dissolution of largely soluble minerals sucho#igine, pyroxene and plagioclase
(Colman, 1982; and Eggleton and others, 1987)arbtsic volcanics results in a Ca-Na-
HCQO;, Ca-Mg-HCQ-CI or Ca-HCQ type of water which can be considered as the
starting solution for the geochemical evolutiortleg groundwater in the Alleydege plain
and Awash River valley. As the groundwater flowsnal the flow direction the
concentration of Na CI, EC, SAR and HC® ions are progressively increasing where
as the concentration of &aand Md?ions decrease subsequently. This ultimately tesul
in a Na-CI-HCQor a Na-HQ type of water in the Awash River valley and ritidr with

a relatively increasing sodium and salinity hazard.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

The Alleydege plain groundwater system is foundu&l2d0 km from Addis Ababa in the
northeastern Ethiopia in Main Ethiopian Rift (MER)ar regional state, along the main
Addis Ababa-Djibouti road within the geographic dton of 0990000 and 1070000
UTM N and 610000 and 690000 UTM E.

The groundwater hydrodynamics of this plain waglist by using hydrochemistry, Q-
mode hierarchical cluster analysis (HCA), inversaahemical modelling and isotope
hydrology.

The results of the study reveal that the Alleydedgn groundwater system gets its
recharge mainly from the, south-eastern and easfienrated areas through subsurface
inflow or slope percolation.

There is also isotopic signature that portrayshiydraulic connectivity of the Alleydege
plain with the southern elevated areas.

The Awash River recharges the Alleydege plain &edAwash River valley aquifer that
lie within few kilo meter distance from the Awasliv& during rainy season. However,
during dry season such interaction is not obsesigmificantly.

The local precipitation hardly recharges the grouetér of the Alleydege plain.

The groundwater from the southern, south-eastedneastern highlands flows towards
the rift floor in the northern direction.

Except the N§ F and NQ whose concentration exceeds the maximum acceptable
concentration limits of WHO and EU standard fomn#ling water, the rest major ions are
in the MAC limits of WHO and EU standard for drinkji water.

Along the groundwater flow direction the groundwageolves from Ca-Mg-HC@CI or
Ca-HCQ water type in the recharge areas to a Na-gtCor Na-HCQ water type in
the discharge area, in the rift floor.

The groundwater evolution along the flow directisnaccompanied by an increasing
calcite saturation and cation exchange betweeff @ad N& ions as a result of
dissolution of calcite or, calcium-carbonate camtay minerals.

Depending on the TDS value, the dendrogram prodfroed Q-mode hierarchical cluster
analysis (HCA), manifests that the groundwateref Alleydege plain is classified in to
two major groups and four subgroups.

K-mica, plagioclase, pyroxene, and illite are thienary minerals of the Alleydege plain
groundwater system.
6.2 Recommendation

Since detail longitudinal aquifer classification thie Alleydege plain is almost nil and
groundwater sampler that enable to sample wateadiffarent aquifer system at different
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depth is absent, during the study of this reseattod, hydrochemical results and the
conclusions made from the results does not rewealgarticular aquifer system rather to
the whole aquifer in a borehole and ultimately egtd to the whole aquifer system of
the plain. Therefore in order to make use of thieydlege plain groundwater, it is highly
recommended to undertake detail geologic and hyaiogic study.

For a better understanding of the interaction betwihe Alleydege plain groundwater
and the regional surface water (Awash River), resommended to undertake monitored
time variable isotopic, and hydrochemical study.

Regarding water quality issues, the concentratfoN®s;, and concentration of Nand

F ions in the majority of rift groundwater seek dosittention since these ions
concentration exceed by far the EU and WHO watalityustandards for drinking
purpose.
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Annex-1: Lithologic logs
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BH-ID X Y Z | Localname | Depth(m) | Lithologic description | SWL) | remark
AP-2 | 641424 | 1007510 | 892 | Silsalabur | Fro | T o 72.95
0 4 | Clay
4| 8 6 | Fractured Basalt
8 6| 100 | Slightly fractured basalt
100 | 190 | Fractured Basalt
Fractured scoraceous
190 | 196 | Basalt
196 | 200 | Welded tuff
Fractured scoraceous
200 | 206 | Basalt
206 | 210 | Welded tuff
Fractured Scoraceous
210 | 232 | Basalt
232 | 240 | Welded tuff
Fractured scoraceous
240 | 250 | Basalt
250 | 257 | Fractured Basalt
BH-ID X Y Z | Lwlume | Depth(m) | Lithologic description | SWL(m) Remark
AP-3 | 643798 | 1019148 | 835 From | To 86.4 T=34.3m*/day
0| 6| Clay DD=42.6m
6 | 12 | Clay
Slightly fractured
12 | 24 | Ignimbrite
Moderately fractured
24 | 30 | Basalt
Moderately fractured
30 | 78 | Igimbrite
78 | 84 | Slightly fractured Basalt
Moderately fractured
84 | 108 | Igimbrite
Moderately fractured
108 | 116 | Scoraceous Basalt
116 | 138 | Slightly fractured Basalt
Moderately fractured
138 | 154 | Basalt
Moderately fractured
154 | 160 | Scoraceous Basalt
160 | 200 | Slightly fractured Basalt
Moderately fractured
200 | 238 | Igimbrite
Moderately fractured
238 | 260 | Basalt
Slightly fractured
260 | 282 | Ignimbrite
282 | 288 | Slightly fractured Basalt
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BH-ID X Y Z | Localname | Depth (m) | Lithologic | SWL(m) | R e m a r k
description
AP1 | 0652507 | 0996029 | 1118 | Bordede | F r o | To 53.28 T=1Om2/day
0 2 | Clay DD=56.06m
Fractured
2| 50 | basalt
50 | 52 | Ignimbrite
Fractured
52| 72 | basalt
72 | 74 | Ignimbrite
Fractured
74 | 88 | basalt
un welded
88 | 98 | tuff
Fractured
98 | 104 | Basalt
unwelded
104 | 122 | tuff
Fractured
scoraceous
122 | 148 | Basalt
welded
148 | 178 | tuff
Fractured
178 | 192 | Basalt
un welded
192 | 214 | tuff
welded
214 | 248 | tuff
Fractured
248 | 266 | Basalt
Unwelded
266 | 282 | Tuff
Welded
282 | 294 | Tuff
Fractured
294 | 304 | Basalt
Fractured
Scoraceous
304 | 310 | basalt
Fractured
310 | 350 | Basalt
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BH-1D

X

Y

Z

Local name

Depth(m)

Lithologic description

SWL(m)

Remark

AP-5

645334

996709

996

Hardim

Fro

To

0

6

Clay

6

Highly weathered
Ignimbrite

36

6
6

AW

Highly weathered Basalt

46

Highly weathered
Scoraceous Basalt

52

2
6

00| Ol

Moderately fractured Basalt

86

92

Highly weathered
Scoraceous Basalt

92

102

Highly weathered Ignimbrite

102

114

Moderately fractured Basalt

114

118

Highly weathered
Scoraceous Basalt

118

134

Highly fractured Ignimbrite

134

152

Moderately fractured Basalt

152

160

Moderately fractured
Scoraceous Basalt

160

192

Slightly Fractured Basalt

192

198

Slightly fractured
Scoraceous Basalt

198

208

Slightly Fractured Basalt

208

224

Slightly fractured
Scoraceous Basalt

224

230

Slightly Fractured Basalt

238

Slightly fractured
Scoraceous Basalt

244

Slightly Fractured Basalt

252

Slightly fractured
Scoraceous Basalt

266

Slightly Fractured Basalt

270

Slightly fractured
Scoraceous Basalt

282

Slightly Fractured Basalt

NN

286

Slightly fractured

149.86

T=10 nf/day

DD=23.49m

Scoraceous Basalt

294

Slightly Fractured Basalt

NN
[(e] o0}
Al

300

Highly Fractured Basalt
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BH-ID

X

Y

Local name

Depth(m)

Lithologic description

SWL(m)

AP-6

0645495

1034311

808

5km east
of
Andido

Fro | To

0 3

Brown Clay

3 8

Highly
weathered &
fractured8
Ignimbrite

Highly
weathered &
fractured Surge

40 64

Highly
weathered
Scoraceous
basalt

64 | 76

Highly
weathered basalt

76 | 82

Highly fractured
Scoraceous
basalt

82 | 86

Slightly fractured
basalt

86 90

Moderately
fractured basalt

90 94

Highly
weathered Scorig

94 98

Highly fractured
Scoraceous
basalt

98 | 104

Slightly fractured
Scoraceous
basalt

104 | 110

Moderately
weathered
Scoraceous
Basalt

110 | 120

Moderately
fractured Basalt

120 | 134

Slightly fractured
Basalt

134 | 138

Moderately
fractured
Scoraceous
Basalt

138 | 146

Moderately
fractured
Ignimbrite
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BH-ID X Y Z | Local name | Depth(m) | Lithologic description | SWL(m) | Remark
AP-6" | 0642503 | 1031094 | 813 Fro | To 68.17

0 4 | Clay

4 12 | Moderately weathered
& fractured Ignimbrite

12 | 82 | Circulation loss

82 | 94 | Slightly fractured Basalt

94 | 104 | Highly weathered &
fractured  Scoraceous
Basalt

104 | 106 | Moderately weathered
Ignimbrite

106 | 112 | Moderately weathered
Scoraceous Basalt

112 | 114 | Moderately fractured
Ignimbrite

114 | 120 | Slightly Fractured Basalt

120 | 128 | Slightly fractured
Scoraceous Basalt

128 | 130 | Moderately fractured
Basalt

130 | 140 | Moderately fractured
Ignimbrite

140 | 150 | Moderately Fractured
Scoraceous Basalt

150 | 162 | Moderately fractured
Ignimbrite

162 | 182 | Moderately fractured
scoraceous basalt

182 | 196 | Slightly fractured
scoraceous basalt

196 | 204 | Slightly fractured
Ignimbrite

204 | 250 | Highly fractured
Ignimbrite

MSC.Thesis by Bizuneh Bekele Vi




Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

BHD | X Y Z | lcdume | Depth (m) Lithologic description | SWL(m) Remark
AP-8 | 645424 | 996570 | 822 | Medene | From | T o 72.27 | T=8 m*/day
Moderately fractured DD=89.64
0 16 | Ignimbrite
16 32 | Moderately fractured basalt
Moderately fractured
32 72 | Ignimbrite
72 | 112 | Volcanic ash
112 | 202 | Moderately fractured basalt
Moderately fractured
202 | 206 | scoraceous basalt
206 | 226 | Highly fractured basalt
Highly fractured scoraceous
226 | 228 | basalt
228 | 280 | Highly fractured basalt
Highly fractured scoraceous
280 | 282 | basalt
282 | 300 | Highly fractured basalt
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H-1D X Y 4 Local Depth(m) Lithologic SWL(m | Remark
name description )
AP-10 | 0637170 1016759 | 830 | Gonita | From | To 79.4
Birka’ 0 6 | Clay/gray/
6 10 | Slightly fractured
Basalt
10 16 | Moderately fractured
Ignimbrite/gray/
16 18 | Moderately fractured
Basalt
18 38 | Moderately fractured
Ignimbrite
38 44 | Moderately fractured
Basalt
44 50 | Moderately fractured
Ignimbrite
50 58 | Moderately fractured
Basalt
58 70 | Moderately fractured
Ignimbrite/gray/
70 76 | Moderately fractured
Basalt
76 84| Moderately fractured
Ignimbrite/gray/
84 92| Slightly fractured
Basalt
92 120| Unwelded tuff
120 154 | Slightly fractured
Ignimbrite/bluish/
154 168| Moderately fractured
Ignimbrite
168 176| Moderately fractured
Basalt
176 190| Volcanic ash
190 196| Moderately fractured
basalt
196 206| Moderately fractured
scoraceous basalt
206 212| Slightly fractured
scoraceous basalt
212 220| Moderately fractured
scoraceous basalt
220 232| Moderately fractured
Ignimbrite
232 267| Slightly fractured
basalt
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BH-ID X Y Z | Local | Depth(m) | Lithologic | SWL(m) Remark
name description
LA-1 | 0633633 | 0995257 | 962 | Awash | Fro | To 101.17 T=102.4m*
Shisht 0 4 | Ignimbrite DD=37.64m
4 8 | Sand K=2.05m/day
8 | 14 | welded tuff
Fractured
scoraceous
14 | 20 | Basalt
20 | 26 | welded tuff
weathered
vesicular
26 | 36 | Basalt
Fractured
36 | 100 | Basalt
Fractured
scoraceous
100 | 130 | Basalt
Fractured
130 | 194 | Basalt
Fractured
scoraceous
194 | 200 | Basalt
Fractured
200 | 202 | Basalt
Fractured
scoraceous
202 | 206 | Basalt
206 | 218 | Tuff
Fractured
vesicular
218 | 242 | Basalt
242 | 252 | Welded Tuff
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BH-ID X Y Z Local Depth(m) Lithologic SWL(m) | Remark
name description
AP-11 | 0657056 | 1065134 | 840 8 kms Fro | To 149.7
before Clay
reaching .
Gedamai 0 . Highly  weathered
tu from Scoraceous basalt
Awash
Arba Moderately
town 4 10 | weathered
Ignimbrite(Bluish)
Highly  weathered
Ignimbrite(Bluish)
Highly  weathered
22 28

Ignimbrite(Gray)

Moderately
28 52 | weathered

scoraceous basalt

Moderately
52 | 64

weathered basalt

Highly  weathered
64 76

scoraceous basalt

Slightly weathered
76 90

scoraceous basalt

Highly = weathered
90 11

0 scoraceous Basalt

Slightly fractured

110 | 13
6 Basalt
136 14 | Volcanic ash
2
Moderately
142 | 15

6 | weathered basalt

Moderately
156 | 17
8 | fractured basalt

178 20 | Unwelded Tuff

202 22 | Clay
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BH-ID X Y Z | Local | Depth(m) | Lithologic | SWL(m) Remark
name description
LA-2 | 0635543 | 1021775 | 817 Fro To 68.42 | T=325m?/day
0 10 | Silty Clay DD=26.41m
10 12 | Boulder
12 16 | Clay
16 22 | Boulder
22 68 | Clay
Fractured
68 92 | basalt
Volcanic
92 94 | Ash
Factured
94 | 110 | Ignimbrite
Fractured
Scoraceous
110 | 226 | basalt
Fresh
Scoraceous
226 | 235 | basalt
Slightly
fractured
235 | 236 | basalt
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BH-ID

X

Y

Local
name

Depth(m)

Lithologic
description

SWL(m)

Remark

627464

1015684

823

Molal
ita

From

To

Clay

54

Weathered
Basalt

54

58

Fresh basalt

58

85

Unwelded
Tuff

85

86

Boulder

86

114

Fructured
Basalt

114

120
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20 | 48

Clay +gravel
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48 | 58
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58 | 64

Clay

64 | 68

Silt

68 | 78

Circulation
loss

78 | 90

Silt

90 | 104

Fine sand

104 | 110

Silt

110 | 164

Clay(dark and
expansive)

164 | 168

Silt

168 | 196

Clay(dark and
expansive)
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

BH-ID X Y Z | Local | Depth(m) | Lithologic | SWL(m) Remark
name description
LA-5 | 636415 | 1039961 | 733 | Arag | 0| 6 | Clay 3.6 T=161m’/day
e D.down=26.61
6| 26| Silt m
Fractured
26 | 78 | Basalt
Fractured
78 | 92 | Ignimbrite
Fractured
92 | 96 | Basalt
Fractured
96 | 110 | Rhyolite
Fractured
110 | 122 | Ignimbrite
Fractured
122 | 130 | Rhyolite
Fractured
130 | 138 | Ignimbrite
Fractured
138 | 142 | Basalt
Fractured
142 | 242 | Ignimbrite
Fractured
242 | 262 | Rhyolite
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Annex-2: Chemical data of boreholes and spring
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Secondary hydrochemical data obtained from WWDSE data base

SAR(meq/! 4 8 22 18 24 12 15 11 18 32 8 13 14 9 6 7 2 2 2 1 3
PO4(mg/| 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
504(mg/) 366 441 922 940 455 503 548 456 517 573 500 602 415 464 410 381 320 338 354 361 351
HCO3(mg/! 46 36 304 80 73 74 132 61 77 75 48 41 50 58 44 50 26 37 33 18 22
CaC03(mg/l)

NO4(mg/I) 5 2 10 18 1 7 8 5 1 5 7 10 7 8 8 8 20 10 8 8 8
Cl(mg/1) 39 58 365 358 68 83 158 71 119 121 92 239 58 65 53 50 30 41 38 23 30
F(mg/l) 2 2 3 4 4 4 3 3 2 4 3 4 3 4 2 2 2 1 1 1 1
Mn(mg/I)

Fe(mg/l)

Mg(mg/l) 30 22 40 37 5 13 20 13 13 5 21 32 9 18 25 21 47 73 62 83 49
Ca(mg/1) 16 8 19 24 2 9 11 7 3 2 17 15 3 11 13 8 17 17 13 18 12
CaCo5(mg/l)

K(mg/1) 12 12 8 7 2 17 17 13 10 5 11 20 4 16 14 13 7 9 9 6 9
Na(mg/!) 116 174 660 585 248 240 325 208 276 335 204 355 190 186 135 144 72 56 74 43 81
NH;(mg/1)

P H 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 7 7 7 8
EC(us/cm) 734 906 | 2970 | 3010| 1060 | 1149 | 1588 | 1008 | 1302 1464 | 1095 1888 894 | 1004 846 797 640 683 689 649 666
TDS(mg/) 508 608 | 1936 | 1840 686 708 952 626 800 926 672 1212 584 630 592 516 386 440 478 424 458
Turbidity 1 3 2 2 4 2 3 2 4 2 3 2 1 1 0 1 1 2 1 0 2
Temp.(°C) 37 38 28 31 31 33 38 36 31 37 30 37 28 38 25 31 26 28 33 34
SWL(m)

BH.depth(m)

Z(m) 815 735 744 742 752 754 753 750 748 740 782 741 740 776 803 817 727 827 817 798 860
Y(UTM) | 1039522 | 1047321 | 1031634 | 1030474 | 1027212 | 1021173 | 1021359 | 1021649 | 1023044 | 1027152 | 1017845 | 1031448 | 1034606 | 1027266 | 1028955 | 1025611 | 1068549 | 1008918 | 1007852 | 1007946 | 999422
X(UTM) | 646837 | 644586 | 629485 | 629045 | 629784 | 625836 | 624305 | 624705 | 623270 | 623396 | 624546 | 632337 | 633726 | 633107 | 639503 | 642486 | 641074 | 628683 | 628311 | 628925 | 632047
Local

name Andido-1 | Andido-Blen | Melkaworer | Mekaworer | Badulale | Melkahida | MiadeAwash | MiddleAwash | Muzcamp | Halaisomale | ferensiDei | Eiei-1 | Mindfeten | Berta | Udileisi | Elfora | Halidebe | Asibtatom | Dfee/ihallt | Libebeonse | Kurkura
Sample

Id BH6 BH7 BH8 BH12 | BH13 |BH15 |[BH16 |BH18 |BH19 |BH20 |BH21 |BH22 |BH24 |BH26 |BH27 |BH30 |BH31 |BH33 |BH34 |BH36 |BH37
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

SAR(meq/I 5 11 2 1 1 2 38 6 0 7 5 1 30 5 1 3 0 0 0 0 0
PO4(mg/I| 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 1 1 0
S04(mg/l) 176 69 4 17 69 56 143 2780 1 46 41 22 385 47 39 131 36 50 77 75 41
HCO3(mg/| 269 400 328 407 492 423 1686 743 49 430 290 197 507 281 221 401 441 415 517 573 602
CaCo3(mg/l)

NOs(mg/l) 20 10 18 18 29 12 9 800 5 3 12 14 3 7 7 2 2 7 1 5 10
Cl(mg/l) 236 78 11 37 188 56 425 3836 1 56 37 18 434 68 39 116 58 58 119 121 239
F(mg/l) 1 1 1 1 0 1 18 2 0 3 3 2 3 2 1 1 2 3 2 4 4
Mn(mg/1)

Fe(mg/I)

Mg(mg/l) 25 4 14 21 45 24 15 616 1 17 7 27 5 9 22 28 8 3 3 2 15
Ca(mg/l) 87 16 59 105 209 82 30 2093 16 20 27 98 18 35 55 101 22 9 13 5 32
CaCos5(mg/l)

K(mg/l) 25 4 8 8 5 21 6 77 1 17 8 9 7 19 9 25 12 4 10 5 20
Na(mg/!) 220 190 54 43 60 82 1020 1250 1 172 110 52 565 123 28 115 174 190 276 335 355
NHs(mg/I)

p H 7 8 7 8 8 7 8 7 7 8 8 7 8 8 8 7

EC(ps/cm) 1523 949 572 765 1451 893 4410 | 17090 80 915 615 416 2840 885 632 1189 906 894 1302 1464 1888
TDS(mg/l) 960 600 362 486 958 588 2956 | 14066 54 586 390 280 1704 534 364 771 608 584 800 926 1212
Turbidity 2 1 1 2 1 1 2 6 150 180 2 5 0 0 0 0 0 0 0 0 0
Temp.(°C) 34 28 31 31 31 0 31 28 25 40 24 29 34 37 37

SWL(m)

BH.depth(m)

Z(m) 8 71|73 8|820/1333|1235|1105|7 2 4|7 2 8|2266|7 31 73 3|823|/962|1118

Y(UTM) | 999671 | 1043036 | 1040111 | 1001716 | 1006483 | 996169 | 1048416 | 1045364 | 1025893 | 1046853 1039961 | 1015684 | 995225 | 996029 | 1047321 | 1033917 | 1023044 | 1027152 | 1031094
X(UTM) | 626351 | 638824 | 647560 | 668814 | 669172 | 652583 | 639409 | 635843 | 674163 | 644235 636415 | 627464 | 633633 | 652507 | 644586 | 633683 | 623270 | 623396 | 632988
Local

name

Sample Awash | Awash

Id BH42 BH43 BH5 BH62 BH63 BH66 HD-9 HD-10 | SP-3 SP-4 River River LA-5 LA-3 LA-1 AP-1 BH-53 BH-54 BH-19 BH-59 BH-60
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Primary hydrochemical data generated for this research (WWDSE laboratory)

A) Wet season data ,September, 2010

SAR(meg/!I 2.27 3.92 27.76 7.08 2.68 7.97 40.85 12.72 1.16 3.07 10.39 3.53 17.68 2.15 16.86 1.84 5.69 6.59 5.03 8.21 2.13
PO4(mg/! 0.81 0.94 0.58 0.81 11 0.95 0.36 0.43 0.71 0.68 0.78 1.12 0.44 0.81 0.67 0.57 0.69 0.79 0.4 0.36
S04(mg/) 59.02 54.45 63.78 48.17 17.9 61.4 | 161.53 69.02 2 78.06 56.74 56.36 0.94 19.42 158.6 39.51 77.02 | 117.48 44.65 51.03 28.27
HCO3(mg/l | 435.54 | 435.54 | 297.19 | 430.42 336 | 471.41 | 479.09 | 473.97 | 294.63 | 307.44 | 461.16 | 333.06 73.02 310 | 594.38 | 353.56 | 281.82 | 742.98 294 | 412.48 | 153.72
CaC03(mg/l) nil nil 35.28 nil nil 10.08 12.6 nil nil nil 512.4 nil 15.12 nil nil nil nil nil
NO;(mg/l) 15.43 13.74 1.14 3.52 5.55 8.63 23 5.75 4.82 1.69 3.17 4.73 420 6.56 13.8 10.48 3.79 19.82 5.22 2.65 7.54
Cl(mg/l) 58.25 41.86 67.45 54.61 21.84 | 105.57 | 321.26 88.28 10.01 73.72 63.71 36.4 0.08 19.11 | 201.13 39.13 58.25 | 105.57 41.86 55.52 19.11
F(mg/l) 0.81 0.89 6.73 2.45 0.66 231 4.21 2.56 0.67 0.73 10.24 1.06 | 103.75 0.62 2.62 0.72 1.47 341 0.92 4.21 1.27
Mn(mg/1) 0.89
Fe(mg/) trace trace 0.04 0.04 trace 0.05 0.02 Trace 0.01 0.02 0.11 0.01 trace 0.03 trace 0.05 0.02 trace trace 0.15 0.2
Mg(mg/l) 27.36 19.15 0.91 11.4 12.77 16.87 2.28 6.84 14.14 9.12 9.12 11.86 2.74 11.86 15 5.93 9.12 18.24 10.03 9.12 4.56
Ca(mg/I) 60.8 37.24 2.28 19 50.16 19 7.6 114 45.6 54.72 11.4 36.48 10.64 39.52 19 76 19.76 79.04 26.6 15.2 22.8
CaC0y(mg/1) 266 172.9 9.5 95 178.6 117.8 28.5 57 172.9 174.8 66.5 140.6 38 148.2 114 214.7 87.4 273.6 108.3 76 76
K(mg/lI) 13.5 10.7 2.4 15.5 8.7 12 6.4 20.5 2.8 17.5 17 13 10.2 9.4 20 9.3 13.5 7 12 16 6.8
Na(mg/I) 85 118 196 158 82 198 500 220 35 93 194 96 250 60 405 62 122 250 120 164 42.5
NH3(mg/l) 0.33 0.21 0.2 0.23 0.26 0.26 0.16 0.23 0.22 0.21 0.21 0.19 0.23 0.23 0.31 0.23 0.22 0.29 0.2 0.21 0.45
p H 7.61 7.79 8.61 8.07 7.43 8.2 8.42 8.3 7.53 7.36 7.96 7.44 8.11 7.66 8.34 7.31 7.74 7.65 7.64 8.07 7.95
EC(us/cm) 926 893 980 866 660 1191 2320 1180 454 873 992 705 1231 562 1859 692 865 1631 732 924 380
TDS(mg/l) 622 580 610 566 460 704 1448 792 296 572 666 480 810 362 1198 464 516 1086 514 582 238
Turbidity nil nil nil 5 nil Nil nil 11 nil nil nil nil nil nil nil nil 212.8
Temp.(°C) 35.6 323 36.2 40.4 29.4 35.9 355 35.1 36.2 35.9 36.9 34.1
SWL(m) PPY? 7PP?? 77777

150 126 39 766 34 121 25 66 ?55 77 781
BH.depth(m) 100 310 <60 60 210 81 <60 <60 51 194 82 242 105 194 <60 126 162 <60 120
Z(m) 1007 752 894 782 740 754 1386 1083 776 891 748 833 753 827 815 742 820 731
Y(UTM) | 992169 | 996699 | 1027212 | 1028953 | 998837 | 1017845 | 1034606 | 1021173 | 1015842 | 998628 | 1027266 | 998037 | 1023044 | 1008252 | 1021359 | 1008918 | 1025542 | 1030474 | 1040111 | 1046853 | 1017702
X(UTM) | 652583 | 645330 | 629784 | 639505 | 632421 | 624546 | 633726 | 625836 | 695877 | 653235 | 633107 | 632418 | 623270 | 632471 | 624305 | 628683 | 643300 | 629045 | 647560 | 644235 | 622962
Local Bordede | Hardem | Badulale | Udaliese | Dumbiedamy | Kerensa | MelkaWorer | Melka-Hida | HuseSodoma | latrophafarm | Berta | Dombinedamy | Muez-camp | Lalibela | MiddeAwash | Awsthtaomm | Elfora | Worer | Andido | Billen | At Weir
name
Sample | BH-66 | AP-5 BH-13 | BH-27 | BH- BH-21 | BH-24 | BH-15 | BH-44 | New- BH-26 | BH-69 | BH-19 | BH-39 | BH-16 | BH-33 | BH-72 | BH-12 | BH-5 SP-4 Awash
Id WN2 age River
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

B) Dry season data , January, 2011

SAR(meq/I 13.72 2.7 3.49 43 9.39 8.1 7.8 8.39 9.51 9.52 9.85 6.35 3.48 5.15 3.18 2.00 54.5 11.83 19.3
PO4(mg/l 0.36 0.49 0.43 1.18 0.47 0.38 0.39 0.36 0.48 0.41 0.4 0.27 0.29 0.37 1.53 0.49 0.33 0.44 0.43
SO4(mg/l) 193.8
38.81 | 51.16 87.35 110.86 | 65.42 64.88 60.2 31.72 | 21298 | 113.8 62.64 87 34.57 | 219.94 19.08 63.68 4 54.78 39.06
HCO3(mg/! 215.5 776.5
461.28 7 | 308.29 | 950.38 | 452.1 488 | 405.65 402.6 | 741.76 | 390.4 | 435.78 347.7 | 373.32 | 266.57 | 348.92 | 424.19 3 366 | 428.83
CaC03(mg/l) 416.1 | 176.7 252.7 836 | 370.5 400 332.5 330 608 320 357.2 319.2 306 218.5 286 | 347.70 | 674.5 340 408.5
NO;(mg/l) 2.25 341 4.39 0.4 2.77 3.41 3.26 2.74 3.35 2.25 1.25 0.27 4.73 13.18 0.6 10.19 4.93 0.71 5.4
Cl({mg/l) 149.5
92.75 | 24.61 38.8 109.79 67.2 66.25 57.73 55.84 123.98 | 48.27 62.46 20.82 43.54 | 219.57 19.88 57.73 4 79.5 | 105.05
F(mg/l) 2.07 1.02 0.5 11.29 3.24 2.88 2.26 6.12 4.35 3.52 5.48 0.66 0.68 1.2 0.6 0.73 2,91 0.68 52
Mn(mg/l) 0.22 0.64 0.04 0.05 0.01 0.02 0.05 0.04 0.04 0.04 0.05 0.03 0.01 0.03 0.05 | 0,01 0.01 0.03 0.04
Fe(mg/l) 8.16 1.92 9.6 2.4 9.12 14 5.28 1.44 16.32 4.8 7.2 8.64 0.96 8.16 5.76 11.52 0.96 1.92 2.4
Mg(mg/l) 12 34.4 44 8 16 16 23.2 28 88 19.2 20 24.8 74.4 92 51.2 89.60 4.8 16 12
Ca(mg/l) 64 94 150 30 78 100 80 76 288 68 80 98 190 264 152 | 272.00 16 48 40
CaCOs3(mg/l) 14.4 7.7 11.4 2.7 13.8 15 11.1 13.6 6.5 12 17.2 6.9 8.6 18.6 9.1 17.40 26.2 3.9 9.1
K(mg/l) 244 60 98 540 190 184 160 168 370 180 202 144 110 192 90 76.00 500 188 280
Na(mg/l) 0.17 3.64 0.16 0.31 0.17 0.22 0.19 0.19 0.33 0.21 0.24 0.19 0.23 0.37 1.3 0.26 0.23 0.64 0.21
NHz(mg/l) 8.22 7.61 7.6 8.22 7.88 7.86 7.67 7.66 7.46 7.65 7.65 8.26 7.41 7.81 7.38 7.10 8.28 8.25 8.51
p H 1188 445 666 2060 983 999 905 846 1817 791 915 698 699 1458 579 | 916.00 | 1845 938 1220
EC(us/cm) 780 292 446 1356 640 650 532 550 1198 576 598 490 500 950 378 | 598.00 | 1288 616 798
TDS(mg/l) 149.5
92.75 | 24.61 38.8 109.79 67.2 66.25 57.73 55.84 123.98 | 48.27 62.46 20.82 43,54 | 219.57 19.88 57.73 4 79.5 | 105.05
Turbidity 117.5
nill 3| nill 1.83 | nill nill nill Nill nill nill 0.37 5.11 | nill Nill nill 0.00 | nill nill nill
Temp.(°C) 37.8 32 37 38 38 43 38 28 31.6 35.50 35.60 50
SWL(m) 126 34 77 72.95 55| 91.75 66 0 18 25
BH.depth(m) 210 >82 82 42 60 162 257 126 | 139 194 100 70 100 105
Z(m) 7 5 4 8 94|17 2 3(771|7 767229 7 4 28157 3 1|89 2|82 7|87 1|8 33 7 3 g|7 4 8
Y(UTM) PODLLTR [ LOLTT00 ) 998837 1048416 | 1027936 | 1027266 | 1047320 | 1028953 | 1030474 | 1025542 | 1046853 | 1007510 | 1008918 | 999671 | 1008252 | 992169 | 1011337 | 1043036 | 1023044
X(UTM) 625836 622962632421 639406633278 | 633107 | 644582 | 639505 | 629045 | 643300 | 644235 | 641424 | 628683 | 626351 | 632471 | 652583 | 597136 | 638824 | 623270
Local name | Wells -#ids | At Weir | Dimbizchny [ Keleat |Berta | Berta | billenfndeduy | Udaliessie | Worer | Elfora | Billen | Silsalabur | AwshitaToin | D u d u | Lalibela | Bordede | KesemDam | Hasoba-Billen | Muez Camp
Sample Id BhLS R B WN2 koW 10 BH New BH 26 BH7 BH27 BH 12 BH72 SP 4 AP2 BH33 BH1 BH39 (BH66) BHKD BH 43 BH19
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Annex 3: Stable Isotope, Tritium and Carbon -14 da
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Primary data (stable isotopes of water) generatedfir this research

05

Sample-ID X Y z Local Isotope of wet season Isotope of dry BH-
name Sep,2010 season dept
Jan,2011 h
Be) o°H 80 °H
B H6 6| 652583|1 992169 Bordede | -0.76184| 6 .042887| -0.82| -4.26 100
AP 5| 645330| 996699 1007 | Hardem -2.62074( -7 .84205|- - - |- - - 310
BH 13| 629784| 1027212 752 | Badulale | -3.87573| -14.6921|- - -|- - -|<60
BH 27| 639505 1028953 Udalisie -1.01796(5.421077-3.77]| -13.48 60
Defence
Combine
BHWN2 | 632421 998837| 894| dArmy -3.40932| -5.47677|-4.85|-19.80| 210
Kerensa - - - - - -
BH21 | 624546| 1017845| 78 2| Deylu 0.149668( 1 4 .7 4 45 81
Melka - - - - - -
BH24| 633726| 1034606( 740 | werer -1.61371({ 3.238066 <60
Melka
BH 15| 625836| 1021173| 754 | Hida -3.86297|-11.0915|-1.71| 1.91| <60
Huse - - - - - -
BH- 44| 695877| 1015842| 1386 | Sodoma -2.28357 4 .75308 51
Jatropha - - - - - -
New Age | 653235| 998628| 1083 | Farm -0.4852| 13.24362 194
BH26| 633107 1027266| 776 | Berta -0.90588(10.44964| -1.08| 2.50 82
Defence - - - - - -
Combine
B H6 9|632418| 998037| 891 dArmy -3.441841 - 11 .61 4 242
BH 19 Muz
623270( 1023044| 748 Camp -2.22342 -5.52052381 -0.8[7 -1.97 1]
BH39| 632471| 1008252| 83 3| Lalibela -2.68188( -5.59196|-0.19| 0.80 194
Middle
BH16 | 624305| 1021359| 75 3 | Awash 1.634218| 19.66 2314 <60
Awash
Arba
BH 33| 628683| 1008918| 827 | town -0.74804(9.217621|-1.69| -8.42 126
BH72| 643300| 1025542 815 | Elfora -1.96032(-1.20018(-3.12]| -10.86| 162
BH 12| 629045| 1030474| 742 | Worer -3.42245| -8.84574| -2.17| -2.57| <60
Andido - - - - - -
BH 5 647560 1040111 820 | /Intiaso -0.20128({11.67825 120
SP 4 644235 1046853 731 Billen -2.23146( - 1 9 8| -1.50| -4.97
At the
Weir of
Melka-
Sedi
Awash River 622962 1017702 (Farm) 2.22672 3.80641|-12.94( 2.30
HDW 10 639406 1048414 723 Keleat| — - | = - -4.5(2-13.99
Berta | - | e
(For
Worer
BH New 633278 1027934 771 town) -4 .37 -17.20
Bilen | - | e
(Ende
BH 7 644582 104732(Q 729 Buri) -2.02| -5.36 42
Silsalabu | - | - 257
AP-2 641424 1007510 892 r -1.43| -0.14
Awa.Dud | - | - 139
BH1 626351 999671 871 ub 0.36| 7.91
Kesem | - | - 70
BH-KD 597136 1011337 Dam -0.46| -1.78
Hasoba | - | = - 100
BH- 43 638824 1043034 738 Billen -0.09| 5.47
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Hydrochemical and Isotopic Characteristics of the groundwater system of Alleydege Plain

Secondary data of stable Isotopes, Tritium, and Cdoon-14

Sample Id | Type X Y Localname | 8*%0 | 8°H [ °H | **C | *3C | Source

AAU
Gewane 682104 | 1123451 | Gewane 0.5

AAU
Meteka 668788 | 1102348 | Meteka 0.5

Dr Seiu[AAU
Alleydege 644550.7 | 1044764 | Alleydege 39.2 | -6.46

Dr Seiu[AAU)
Arba Bordede 681274.8 | 996987.4 | Arba Bordede 46.84 | -4.59

AAU
Borehole 682104 | 1123461 | Gewane | -2.8 | -147 | 0.5

AAU
Borehole 642540 | 1025602 | Alleydege | -2.88 | -123 | 0.02

AAU
Borehole 652608 | 1242467 | Elwoha | -237 | 99| 2.4
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