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Abstract

Hydrochemistry and environmental isotope technidues been used tanalyze inter basin
groundwaterflow and hydrodynamic system between GeradoBo#ena River catchments
locatedat the southwestern block of the Afar depression where it occupies parts of the
northern plateau in the northwesteartp western Afar marginal areamdassociated Graben.
The sratigraphy of the area is characterizes diganic episodes werey the extrusion of
flood basalts, with interbeds of pyroclastic rocks of rhyolitic or less commonly trachytic
compositions, particularly at upper stratigraphic le\aid seismically active right stepping
N-S trending step system discontinuous grabetinat aretens of kilometers long and-55

km wide whichfollow the curving NS trend of the western Afar margins

Lithostructurally, Ashange basalt sequence is strongly faulted and tilted by 20° to 30°
towards east. The weathering gaahting with the inclined contact is a favorable condition
for groundwater flow from highly elevategdlateauo the marginal graben.

Boreholes and spring in Gerado catchment are characterized mostly by lowW<Thi®
mg/l) and CaMg-HCO3 water type While the Borkena catchment show a complex
groundwater type and variation in TS0 938 mg/l) Basedon its flow pattern. The water
types in Borkena catchment generally dominated by Na and Ca cations

Based on inverse Geochemical Modelirend ionic atio calculationsdominant reaction
happened omhe flow paths of Groundwateris likely to be cation exchangehich Na is
Exchanging Ca and dissolution of silicate minerals

Most of the groundwater samples from Gerado and Borkena catchmentselatixady
depleted isotopic signature 810 and D from-2.28 to-6.83and-2.5 to-7.8 respectively.
Isotopicallydepleted springs found in the adjacent adaBorkena Catchment while most

of thesprings found in the Gerado catchmentfatiein a line of lo@al Meteoric water

Spring patterns suggest there is an Hi&sin groundwater flow between the catchment. The
springs have prefential alignment in emergingith a considerable discharge which support

inter-basin groundwater flow

Keywords: InterbasinGroundwater flowBlue Nile Basin, Awash Basin, Gerad@orkena
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1 Introduction

1.1 Background

A groundvater basin is defined as a volume of the subsurface, through which groundwater

flows from areas where the water table is recharged to a location where groundwater
discharge occurs (Fetter, 2001). But the aerial extent of the groundwater basin is not

necesarily the same as the aerial extent of the corresponding catchment area (Frisbee et al.,
2016). Regional groundwater flow can transit underneath intervening topographic highs

that define separate basins of surface water drainage.

The potential for groungater to move from one catchment to another catchment is related
to the relative altitude and geological structure of the individual basin. Where the rocks that
form the boundary between adjacent basins are sufficiently permeable, there might be flow
into or out of the basin. Faults cause discontinuities in rock sequences and this might
control groundwater flow. Those faults and structures lead the groundwater across the
surface drainage system. A fault also may set -b@tducting aquifer rocks against
impervious rocks, resulting in water ascent along the fault zone and formation of springs
marking the fault line. Occasionally groundwater continues in its general flow path across a
fault, but in different rock beds (Mazor, 2004).

Inter-basin flow is not a @w scenario. It has been detected at different sites around the
world (Genereuxa and Jordan, 2006). Those catchments which have interbrain groundwater
flow show more complex discharge zones and characterized by the mixing of groundwater
from different ageand chemistry (Toth, 1963). There are also attempts of manmade inter
basin diversions, as in china it was planned and partly under construction, aiming at the
allocation of water from the Yangtze River to the Hwang Ho basin in the dry northern
plains aroud Beijing (IAEA, 2000).

As the chemical composition of groundwater is greatly dependent on ndaotalrs:
lithologies, hydraulic conductivity, weathering, and length of the flow path. This active
interaction of water with the environment helps to undedtgroundwater chemistry along

its flow paths. Inverse modeling is very useful for interpreting the hydrochemical evolution

of groundwater (Plummer et all1994. This mass balance approach uses two water



analyses represent starting and ending wetenpositions along a flow path to calculate
the moles of minerals and gases that must enter or leave the solution to account for the
differences in composition (Parkhurst and Appéa99.

Tracing groundwater by means of environmental isotopes also offieigue and
supplementary information on the origin and movement of groundwater (@e§9. By
combining Hydrogeochemicatlata with environmental stable isotope analysis it can be
produced a powerful method for understanding sources and flow dynangosuotiwater
system There are different studies in the world and here inofgta which determines
Interbasn groundwater flow (IGF) using a combinationtydrogeochemicaand isotope
tracer methods (Nelson and Mayo,2014; Genereuxa and Jordan,2006; aAsautte
Kreamerb 2018; Seifu, et al. 2008; Tenalem et al., 2007; Tilahun Azagegn.,2014; Yitbarek
20009).

The study area is characterized by a considerable difference in elevation (3800 up to 1390
m) above sea level. The highest peak is found at the Guguduntdin which is an
extension of northwestern Ethiopian volcanic plateau. The broad volcanic plateau accounts
for about 25 % of Ethiopian landmass. The Ethiopian volcanic plateau is a thick
monotonous, rapidly erupted pile of locally deformed,-lfatg basalts consisting of a
number of volcanic centers with different magmatic characters and with a large range of
ages (Mohr, 1983). That volcanic plateau acts as a surface and groundwater water divide
for the most of major drainage basins of Ethiopia. TheeBllile and Awash basins are

among those basins which are divided by those volcanic plateaus.

Structurally the area is formed in three distinct extensional phases of deformation. These
are marginal faults that bound the plateau from the rift depressiNi&-@8BE), the early
extensional phase of deformation which is formed the highly extended rift depression and
the later extensional deformation-ME) (GSE, 2009). Along with those structures, there is
plenty of spring emanated at the foot side of the eswanp which there discharges reach

up to 30 I/s. Geologically, the study areacmvered by Ashange,Aiba and, Tarmaber
basalts, Ryolite and quaternary alluvial deposits. The weathering and fracturing of these
basalts show a variation from place to placeicwhplays an importantole in the

complexity of the groundwater flow on the study area. This studgto understand the
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flow mechanism of the area and determine the 4bésin flow between two different
basins.

There are physical manifestations preimg for througkflow between the two basins. The

first one is:at the boundary of the two catcants there is a wetland calleda8ha which is

found near to the source of the Borkena River around Kutaber town. Mostly wetlands are
associated with the grodwater especially in these areas. The second manifestation
identified was there is a structurally bounded lake called Maybar which is located probably
at the highest elevation (2500 m.a.s.l) in Ethiopia lakes.

1.2 Statement of problem

In central Ethiopia, bothighland and rift valley fractured volcanic aquifers are main
sources of drinking water for urban and rural communities (Metlal.,, 2008). These
volcanic aquifers are more important to urban centers where demand for water supply is
very high. To addresboth water supply stainability and qualityunderstanding of the

groundwater system is very essential.

Some studies have beeronductedto understand the hydrogeologicaland hydro
geochemical setup of those groundwater systems separately and ewmailh @atchrant
scales (Seifu Kebed@013 Tenalemet al, 2007; Seifu et al. 2005; Mesfin Sahle2001;
BCEOM 1999; andehailu et al.,2017)Iin addition to this, there are few attempts tried to
study inter basin groundwater flows between Blue Nile ahmper Awash drainage

systems.

However: the basin to basin interaction is not explored enough in Ethiopian major Basins
because there is general assumption that surface water divides coincides with the
groundwater divide. But this assumption is not alweygect and such assumption leads

inappropriate quantification and prediction of different scenarios in the basins, regions and

nationwide.

Furthermore, s the research area is Experiancmgfast rate of population growth,
urbanization and industrializatipthenecessityto groundwater also increase. Groundwater
for this area should be well managed. As a result, the intention of this research is to

characterize geochemical evolution of the groundwater for understanding the ground water
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flow system and re@rge mechanism within and between the two catchments, so that it
will be a good input for managing the groundwater resources for those areas.

By combining hydro geochemical data with environmental stable isotope analysis it can be
help to understand sows and flow dynamics of ground water system between the two
catchments. The results of this study provide an improved conceptual model that reveals
the complexity of groundwater exchanges between those main ljgsnsvo different
catchments).

1.3 Objectives

1.3.1 General objective

The main objectig of the study is tinvestigatethe groundwateflow and hydrodynamic
system between Gerado and Borkena River catchments using hydro geochemistry and
stable environmental isotope hydrologk and*?0).

1.3.2 Specificobjectives

Specific objectives are to:

V Determine ground water flo systems within the catchment
V ConductHydrochemicalcharacterization
V To model the geochemical evolution of the groundwater along its flolwv pat

V To estimate groundwater recharge withha catchments

1.4 Relevance of the study

The area is known for §h prospect of developing groundwater sources for irrigation in the
alluvial fan deposits along the foot of the rift escarpments, flood plains, valley fills and
regularly recharged by seasonal runoffs and sustained groundwater flow from the highlands
(ADSWE_2013) Because of this the Amhara regioal governmentplamed a huge
irrigation program on theMariginal grabens orcoming years The water demand is
becoming dependant on the deep groundmwaiedetail understanding of groundwater
recharge in individuatatchment as well as of the degree of groundwater exchange between
different catchments is critical for sustainable use of groundwates. studywill help

policy makerfor evaluating groundwateesource development plas well it will bealso
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essentiafor groundwater managemenithis study will also used as a data source for the
futures researchers and concerned peoples.

1.5 Literature review

Inter-basin groundwater flow (IGF) study is becoming a prime Objective in recent years for
researchers working ogroundwater dynamics. Those research used different methods to
investigate flow natures between different Basins. Some approaches used for the IGF are
water budget imbalances, potential differences between basins, stable isotope tracer, and
Lithostructurd and modeling studies. There are some studies Identify IGF using Isotope
and Hydrochemical Approach only and complementary with other approaches (Genereux
et al.,2005; Anderson et al., 2006; Jordan, 2006; Yitbarek,2009; Nelson and Mayo, 2014;
Tilahun etal., 2015; Asantea and Kreamerb, 2018; Genereuxa and; Danapou et al., 2019).

Genereux et al. (2005) quantify interbasin groundwater transfers between two watersheds
using both water chemical and watershed Budget. On this work, they concluded that IGF
accounted for about 66% of the water input and about 97% of the solute input to one
watershed but little or none of the inputs to the adjacent watershed. They also
recommended the feasibility of using multiple approaches in determining interbasin

groundwater thw.

In a Ph.D. thesis, Yitbarek (2009) was successful to determine groundwater flow between
awash and Abay basins by combining Lithostructural analysis, hydrochemical, and Isotope
tracer methods. In this work, the author also did a groundwater modebindeinto see the

scenario of IGF. According to him a permeable and porous scoraceous Tarmaber formation
together with the tectonic structures is responsible for taking the recharge from the adjacent

Blue Nile plateau to the Upper Awash groundwater system.

(Tilahun et al., 2015) investigates litlstructural control on intelbasin groundwater flow

of the three subasins Middle Blue Nile basin (Guder, Muger, and Jema) and the adjacent
Upper Awash River basin. They concluded that different structures hdifferant role in
groundwater flow between those different surface drainage basins. TRSEWending
horsts define the center of the groundwater divide and aquifer distribution within the

Middle Blue Nile basin, while the BV trending mudstone capped Bbdefines aquifer



distribution between the Middle Blue Nile and the Upper Awash Rivers basins. The
impermeable mudstone horst located across the middle of the Mugdrasinband
extending to the southern tip of the Jemma-lsatin forms the groundwatdpW barrier
guiding groundwater flow to its either side to the north and south. The norWel E
oriented step faults south of the horst enhance groundwater flow rift wards to the Upper
Awash basin.

There are some of the investigations in the study areahwlsed to be determining the
groundwater potential. the regional level of Upper Awash and the Blue Nile basin was
studied by a number of authors determining Geology, hydrogeology, hydrochemistry, and
hydrology. Some of the literatwséhat has been reviedarediscussed below.

On a technical report prepared by Amhara design and supervision works enterprise
(ADSWE, 2013) the potential for groundwater is very high especially on the intermountain
valleys like Gerado which was formed by the junction eéfVEand N-S trending faults.

They reported that wells drilled within Gerado valley up to 123m depth never penetrated
the alluvial aquifer fully and the discharge for those wells wad®%s. Meanwhile, from
drilled wells with the depth Of around 114m on Borkgnaben in Kombolcha plain, it was
possible to obtain 3060Il/s. Kombolcha plain area is a continuation of Borkena marginal
graben; clearly observed a fault crossing Gerado valley runningMEdirection along
Borkena river and intersect with-8l major falt area and continues to Mitikole Cheleka
stream and then to Degan area (ADSWE30Those BEW direction faultsallow a trough

flow between Gerado and Borkena.

On the study of the hydrogeological investigation of upper and middle Borkena river
Mesfin Sahle (2001) classified Two hydrogeological units (fracture and intergranular). He
also suggests that the groundwater depth of the catchment is very deep based on an
observation along the Borkena river discharge is decreasing suddenly. He concluded that
Borkena River is recharging the groundwater reservoir. With respect to groundwater flow,
he suggests that the regional groundwater flow is the same as the flow pattern of the

Borkena River.



(Mola Demile, 2000) On the study of hydrology hydrogeology anddgld¥mistry of lake
systems of Hayk and Ardibo classified hydrostratigraphic units of the area into two which
are the quaternary unconsolidated sediments and fractured volcanic units. According to
him, the unconsolidated sediments are very good aquiferke viraictured volcanic is
classified as a poor aquifer due to morphological setup. He also suggests that the
Groundwater flow direction from field observations is towards the respective lakes locally
and towards Lake Hayk at the scale of the study catchment

(GSE, 2017) On Hydrogeological and hydrochemical study of the Dessie map sheet
suggested the groundwater flow in the study area is significantly influenced by
geomorphology, geological structures (faults, fractures, joints, and lineament), the
existenceof impermeable layers and the hydraulic properties and continuity of the aquifers.
According to GSE (2017), the groundwater flow in the western highlands and associated
deep gorges are from north to west and south to west. Another possible groundwater flow
which can be deep and regional, is from the western Afar rift escarpment towards the deep
aquifer of the Afar rift floor and they form geothermal systems. They also recommend
hydrogeological investigation supported by isotope hydrology and drilling e deslls

both on the escarpment and the rift floor would help determine the hydraulic condition at
the rift boundary fault and define the regional flow from the highlands to the lowlands

more precisely.

Dereje et al. (2016) tried to estimate groundwateharge on the Gerardo catchment using
a water balance model. According to this study Evapotranspiration and surface, runoff is
very high which is 58.1% and 27.4% of total rainfall. Groundwater on the catchment found

to be 14.1% of total precipitation v is 52.2 Million cubic meters.

1.6 Methodology andMaterials

The analysis of intebasin groundwater between Gerado and Borkenahroatut was
studied using hydrgeochemical and stable isotope tracer methods. In order to achieve the
objectives of this worklifferent methods are used. The methods and activities followed in

this research work are described in detail below.



1.6.1 Data sources and collection

Hydrochemicaldata used in this study are from boreholes, springy Wells and a Lake.
Those datavereobtaned Geologicalsurvey ofEthiopia. A total of 58 hydrochemical data

have been obtained where hydrochemical analysis was done in geological survey of
Ethiopia central laboratory.

During the field trip held up on from January 20, 20February 5, 2020 am situ
measurement of PH, Temperature, EC was done and a total of 20 sampleslizgeted

for a Stable Isotope LaboratoryThe sampling was done systematically from both
catchments along the possible through flow lines which were selected beforeldhe fie

work.

16.2 Analyzing Hydrogeochemical dataos
Chemical datahave been useful for the interpretation of intemsin groundwater
(Genereuxa and Jordan,2008his studytriesto show theratio of majorionsin order to
identify the mixing of water fromhe different aquifersAnalysis has been used to
determine if the samples can be grouped into statistically distytro chemicalgroups

that may be significant in the geologic context. A number of studies have used this
technique to successfully clagsifwater samples.Comparisons based on different
parameters from different samplesve beemloneand the sampleareclassifiedaccording

to their similarityto each otherlnverse Geochemicalmodeling calculationsvas done

along the selected flow path using PHREEQre illustrative diagrams like Piper and
Schoeller diagrams are used to show the relative concentration of major ions from the

gaining and losing catchments.

1.6.3 Analyzingst abl e i sotope dat ads

The applicatio of isotopebased methods has become well established for water resource
assessment, development and management in the hydrological sciences, and is now an
integral part of many water quality and environmestatlies. Thestable isotopic data has

been amlyzed usingscatterplot and linear/nodinear regression analysias well as
comparison of isotopgalues with the global meteoric line (GMWL) and local meteoric
water lines (LMWL).



1.6.4 Activities
The research activities that have been followed in ordacheeve the objectives are listed

and illustrated on the figure below. The study has been accomplished through three phases.

i) Prefield activities

ii) Fieldwok

iii) Post field activities

Pre-field work (phase-l) includes:

V Collection of Any relevanPrevious data from different sources like G®ences
Mapping and Geanformation Centre of the Geological Survey of Ethiopia, library
of the Ministry of Water Resources, Energy and Irrigation

V Review of the previous works

V Collecting the hydre climatic data

V Analysis and interpretation of the collected data and information using different
soft war edlsslike aArc@IS, ERDAS Imagine Global Mapper, Surfer,
aguachem andquifer testphreeqc

Field study

V Field surveyhave beeronducted to obtain primadataand observation

V To collect Ground Water and surface water samples for chemical and isotope
analysis will collected

V Geological structures and geomorphological observation and understanding

V Field pH, temperature, and EC measurements

V Acquisition ofadditional data from water bureaus at federal, regional, zone weredas

and private sources



Post field activities

The post field activities include:

Vv

<

Data analysis, interpretation and data organization of hydogeochemistry and
| sotope hydrology data“"s.

Recharge Estimation Using chloride Mass Balance

Preparation of hydro geochemical model

Written explanatory notes assessment of: hydi@imatology, geology, and
synthesizing their effects hydrogeology ,hydrodynamics and hydrogeochemistry
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1.6.5 Work flow of activities

Primary e Collectipns of hydro - _climatic, Secondary datz
olleaian Geologlcgl and Hydrogeological, Hydr collection
chemical dat a" s
Al I Geological maps &
measurements reports —
(Ec, PH, T)
Collection of Ground Hydrogeological
Water and surface water Data,maps &
samples for chemical and reports
isotope analysis
Hydro chemical
Structure and dat mdpsg
. reports
geomorphological
observation and
understanding v
Dataprocessing, analysis

4 Ny

Hydro geochemical
data analysis

Stable isotope’
& ®0) data analysis

Data processingnd
interpretation

Figure 1. Work flow of the study

Presentation of
research results and
findings
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Materials

1. Topographicmap of 1:250,000 scale used to Visualization of different topographic

and geomorphologic features and assessment of access.3&MbP data to
delineate watersheds, slope and hill shades of the research area

soft war elslike AraGiSl Gldbal Mapper, Surfer, aquachem and aquifertest
Aquachem

GPS used foacquiringpositions

4. Geologicaland hydrogeological maps used as Reference/ Base map during the field

work

Portable pH and EC meter used for Field measurement of pH and electrical
conductivity of water samples

Solutions of known pH (4, 7, and Y@nd concentration of dissolved salt (KCI of

1N concentration) for Calibratiéadjustment of pH and EC meter

Distilled water for washing the electrodes of pH and EC meters to prevent sample
contamination

Plastic sample bottles f@ollecting and storing representative water samples

12



2 The study area

2.1 Location

The study area is founaround Dessie Area whidie capital of South Wollolt can be
accessdalong Addis Abab&o Dessiea 401 km asphalt roadt is approximately bounded

to 1024 POt61P3W" 0" " 2M “upriod39 39"  (OThe' study .areas
elongated in the NNWb SSEdirectionwith a total length about18km and themaximum
width not more than 41 kreastWest direction. The total area considered in this study is
about 3030 sq. /km.
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1240000
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1180000
1
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l:l Gerado Catchment

Borkena Catchmnet
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1160000

-r T T T T T

Figure 2. Location Map
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2.2 Physiography, soil, and land use

2.2.1 Physiography

The physiographyof the area is highly variable and is generally the result of repeated
volcanic and tectonic events with the associated erosion of volcanic rocks and deposition
processes. The tectonic activity and lithological variation in area also control the
drainage density and drainage pattern. The physiography comprises of the western Afar
marginal graben ankighland plateauThe NS trending Borkena graben is an extension of
Afar Mariginal graben includes RobiAtaye, Mersa, Hayk,Ardibo,and Kobo. Borkena
graben is characterized with hilly terrain of the rift ward tilted faulted blgG&E, 2009)

The western highlands, part of the northeemtral Plateau, forms typicglateau
topography, which igxtensively eroded and dissectegddeep gorges. The eastern part is
part of the southwestern block of the Afar Depression and is separated from the western
plateau by NNWSSE striking western Afar escarpment. The elevatranies from
approximately 3800 to3B0 m.a.s.l. Highland plateadorming the shoulder of the Afar
Depression abruptly fall into lowland plains towards the center of the Afar Depression. The
highland is dissected by deepstiapedNW trending Gerado River and its tributaries. Most

of the rivers start from the high landéthe plateau situated in the centpalt of the study

area
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Figure 4. Topographic profiles of selected line

2.2.2 <ol

Bare soil has much lower infiltration capacity than soil with vegetative cover.
Consequently, bare soil is much messily eroded by surface runofoil types also have

a significant effect on the recharge aswukface runoff mechanisms of the catchments.
Sandy soils favors infiltration because of their porosity. In general, the infiltration rate
decreases with increasing clay content in the soil. Initialvgaier content and saturated

hydraulic conductivity bthe soilalso have an effect on infiltratiggrocess

Aconsiderable area f or sibleamwhich actoontsil®kos © cover e
the study area. Areas ofljacent to mountain are covered with sandy soil and some flat

lying areas are coveratay soil.

Most of mountainous areas of Gerado catchment are covered with leptosols which are the
most extensive soil types on the earth. Those soil types havedbghkess than 10 cm.

which arevery favorable for runoff on the catchment.

16



530000 540000 550000 560000 570000 580000 590000 600000 610000
1 1 1 1 1 1 1 1 1

1260000
1
T
1260000

T
1240000

1240000
1

1220000
/|
T
1220000

Legend

1200000
1
T
1200000

Soil Texture

' Silty Clay
| siltLoam
!—J Sand
’—’ Loam
\_ﬂ Peat

—— Surface Water Divide
= Towns

1180000
1
T
1180000

T
1160000

530000 540000 550000 560000 570000 580000 590000 600000 610000

Figure 5. Soil map (FAO, 1997)

2.2.3 Land use/cover
It is obvious that the presence of vegetation protects the soil surface from the impact of
rainfall. Root systems of vegetation tend to enhance sodgity and permeability (Kresic,

2007)Urban areas and development generally decrease infiltration rates and increase

17



surface runoff because of the increasing presence of various impervious surfaces (rooftops,
asphalt, concrete)rban areas are facilitating tiater runoff other than percolation.

Most of thearea of both Gerado and Borkena basindma®red by annual crop¥hearea
is also considerably covered wittparseforests.The study area hake following land
covers(FAO, 1997)The map(Fig 6) Showland use/coversf the study area.
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Figure 6. Land use /cover magFAO, 1997)
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2.3 Hydrometeorology

2.3.1 Climate

The climate of Ethiopia is mainly controlled by the seasonal migration of the Intertropical
Convergence Zone (ITCZ) and associated atmospheric circulations as well as by the
complex topography of the country. Landscapes with contrasting characteriséosnsnof
physiographicand elevation, such as the highlands and the lowlands, experience a variety
of climates from desert climate to thgpical of equatorial mountair{&azzini et al., 2015)

The climatic condition of the country is conventionally sléied into five climatic zones
based on the elevation and temperature variation. It ranges from the high cold area named
as “wurch” to the highly hot climatic condit:i

In order to understand the different features of the climanditions of the study area the
monthly mean meteorological measurements were collected from the National
Meteorological Agency (NMA). The data considerectlude monthly mean rainfall,
maximum and minimum temperature for all statioesative humidity, sashinehoursand

wind speedEven though the data is inconsisténivill provide basic information regarding

the climatic conditions of the area. Each of the climatic features is discussed in brief below.

2.3.2 Preciptation

Amount of precipitations varies to spatially and temporallyDespite the fact that
Ethiopia is gifted with a considerable amount of water resourcescanomy is mainly
dependent on raifed agriculture;the failure of seasonal rainfall is incrediblyvdstating

tot he ¢ o u n econprhicsfunstionggiroparticular, food productiofKassa, 2015)

There have been a noticeable famines happened due to seasonal failure in rain fall in the
country. Particularly the study area is prone to drought because\@rihbility of rainfall.

All meteorological stations shows same trend of annual precipitai@hthe year 2015

and 2004 were the lowest annual rainfall recorded in all stations.

On the rainfall analysis ten meteorological stations from year 1986 to 2018 have been

analyzed. Mosb f t hese stations have |l ong year s reco
with missing records greater than 3 months have beatied. Fronthe analyzd data the

lowest annuatain recorded on the study area V&2 mmwhich wasrecordedn a year of
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2015 on the Harbu statiorMean monthly precipitations of ten meteorological stations are
shown in the figure below. Most of the rainfall occurs during the months of July and
August for all stations.

Mean monthly preciptation
600 .
stations
500 e AlDUKO
3 = Borumeda
£ 400
= we Cheffa
8§ 300 — Guguftu
§ w Harbu
=
@ 200 ~—Kemise
Q.
Combolcha
00
: -Dessie Zuriya
L Tebasit
0 ebasl
1 2 3 4 5 6 7 8 9 10 11 12 ~—Tita
Month

Figure 7. Mean monthly precipitation graph

The distribution ofprecipitation varies spatially. There is somdifference between
highlands and lowlands due to large difference in altitude. However, there are stations such
as Albuko andDessie Zuriya,with relatively high precipdtion values unliketheir
relatively lower altitudeThiessen polygonal averaging method was also used to at&icul
annual precipitation(fig 8). Annual precipitation is calculated separately for the two
catchments andhée annual precipitation for th&eralo is 1291.3mm/yearand 11%.7
mm/year for the Borkena catchment. Hence Gerado has much precipitation than Borkena
becausets topography is favorable faunoff. The runoff for theGeradocatchment is
27.4% of total precipitatio(Dereje et al., 2016)
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Figure 8. Theissen polygons for Gerado (A) and Borkena (B) Catchments

2.3.3 Evapotranspiration

Evapotranspiration is known as a loss of water or moisture through the process of
transpiration by plants and evaporatiomaiter from the soil and water bodies. If sufficient
moisture is available for the need of vegetation covering the area under the given set of
atmospheric conditions, the resulting evapotranspiration is called potential
evapotranspiration. Potential evaoispiration is a measure of maximum possible water

loss from an area under a specified set of weather conditions.

The mean monthly potential evapotranspinati&ETo) has been estimated for the two
catchmentausing PemantMonteith methodwith the help of the FAO (2009) software
known as Cropwat version 8.0.Estimated meteorological stations with in Gerado
catchments are Guguftu, Amba Mariyam and Borumeda. The stations belongs to Borkena
Catchments are Combolcha, Tita, Cheffa, and Alb&O PenmasMonteith method is a

combination of energy, aerodynamic and surface resistance equations and is given below
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ETo=0. 408-6) (Rny (900-fay+273) u2 (es
A+ yv (1+0.34 u2)

Where,

ETo = referencev@potranspiration (mm/d)

Rn = net radiation at the crop surface (MJ/m2d)

G = soil heat flux density (MJ/m2d)

T = mean daily air temperature at 2m height (°C)

u2 = wind speed at 2 m height (km/d)

es = saturatiomaporpressure (kPa)

ea = actuavaporpressue (kPa)

esea = saturation vapour pressure deficit (kPa)

A = slope vaspour pressure curve (kPa/ ©°C)

Yy psychometriconstant (kPa/ °C)

Mean annual Potential evapotranspiration is relatively low in Gerado (1346.3 mm/year)
catchment than Borkena (1462rim/year). This is because Borkena is found in low land

area with respect to Gerado.
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Figure 9. Mean monthly calculated potential Evapotranspiration graph

Soil moisture balance was applieddbtain actual evapotranspiratiaising the dominant

soil types and respective land use footh catchments separately. Accordingly, dmaual

calculatedaverageAET is 878.4and 890.9 mm/year for Gerado and Borkenatchments

respectively.

Table 1 Calculated AET using soil water balance method for available water capacity

of the root zone 150 mm for Gerado catchmenfll values arein mm

Jan Feb | Mar |Apr |May |Jun | Jul Aug |Sep |Oct | Nov |Dec | Annual
P 20.3 |26.3 | 64.7 | 829 |685 |53.7 |370.6/390 |132.6/43.4 |20.5 |17.8 | 1291.3
PET 100.2 | 113.3| 119.6| 121.8| 126.9| 125.3| 114 | 110.4| 108.3| 109.6| 99.6 |97.3 | 1346.3
P-PET |-79.9 |-87 |-54.9|-38.9|-58.4|-71.6|256.6(279.6|24.3 |-66.2|-79.1|-79.5
APWL | -304.7 | - - - - - -66.2 | - -

391.7| 446.6| 485.5| 543.9| 615.5 145.3| 224.8

SM 19.6 |11 76 |58 |39 |24 |150 (150 |[150 |96.4 |56.9 |33.5
Change| -13.9 |-86 |-34 |-1.8 |-19 |-15 [147.6/0 0 -53.6 | -39.5|-23.4
| SM
AET 342 |349 |68.1 [84.7 | 70.4 |55.2 | 114 |110.4|108.3|97 60 41.2 | 878.4
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Table 2 Calculated AET using soil water balance method for available water capacity

of the root zone 150 mnfor Borkena catchment All values are inmm

Jan Feb |Mar | Apr |May |Jun |Jul Aug |Sep |Oct |Nov |Dec |Annual
P 21.1 | 30.6 |[70.6 |97.2 |69.9 |36.1 |296.2| 327.9|116.5|44.2 | 26.2 | 20.2 | 1156.7
PET 103.7 | 118.6| 130.3| 132.1| 138.7| 143.2| 130.9| 123 | 119.1| 115.7] 105.6| 101.2| 1462.1
P-PET | -82.6 |-88 |-59.7|-34.9|-68.8] - 165.3| 204.9|-2.6 |-71.5|-79.4|-81

107.1

APWL | - - - - - - -2.6 |-74.1] - -

317.1 | 405.1| 464.8| 499.7| 568.5| 675.6 153.5| 234.5
SM 18.1 |10 6.7 5.3 3.3 1.6 150 | 150 |147.4/915 |53.9 |314
Change| -13.3 | -8 -3.3 |-14 |-19 |-1.7 |148.3|0 -2.6 |-55.9|-37.6-22.4
in SM
AET 344 | 205 [63.8 |91.8 |66.5 [34.4 |130.9| 123 |119.1| 100.1| 63.81| 42.6 | 890.91

2.3.4 Temperature

Monthly maximum andninimum temperatures data (202818) have been obtained for

sevenstations within the study area. The mean monthly temperatures have been calculated

for each station. The mean montiemperature data for Combolchdarbu, Guguftu,

Cheffa,Tita , Marye al Amba Mariyanstations are given in Table below.

Temperature variem the study area and does shmiationship with altitude. The mean

annual temperature for these stations vary from the minil6mC for Guguftustationin

december to the maximum 85.7 °C for Cheffastationin June

Table 3 Average monthly Temperaturg in °C ) of meteorological stations

Stations Jan | Feb | Mar | Apr [May |Jun |Jul |Aug | Sep Oct Nov Dec
Mariye 13.9/155 |16.8|17.8 |18.6 |19.4 |18.2 |17.3 |17 15.6 14.4 | 13.6
Amba 13 (142 |14.7|14 149 |15.1 [13.1 125|128 |125 125 |12.4
Mariyam

Tita 13.1|14.43| 155|16.5 | 17.4 |18.78 | 18 17 16.5 |14.7 13.7 |12.9
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Combolcha] 17.8| 18.8 | 20.2 | 21.3 | 22 23.2 |22.2 |21.3 |20.7 18.9 17.8 17.1
Harbu 19.3/19.8 (211|214 | 221 |224 |21.8 |20.7 |19.9 19.1 18.7 18.6
Guguftu 10.5/10.3 [ 10.8| 11 111 |11 10.6 | 10.7 | 10.5 10.1 9.9 9.6
Cheffa 19 |21.2 |22.6|23.6 |24.3 |25.7 |245 |23 22.4 20.5 19.4 18.6

2.3.5 Relative humidity, sunshine hours and wind speed

Relative humidity was measured five times a day, which is at 6:00, 9:00, 1%:00and
18:00 hours. Relative humidity is found to be highehmmba Maryamstation 60.9%) and
lower for Combolchastation(58.6 %). Generally, relative humidity is higher during rainy
seasosnthan dry peiod in all stationstéable 4.

Daily sunshine hours are low during wet season than during dry period in all stations.

Amba Mariyamstation has the highest meannual dailysunshine hours (8.2ours) while
Cheffastation ha the lowest sunshine hours (7.8 ho(fsble5).

Wind speed is measured at 2 m above the ground suffée highest wind speed (119.2
km/d) is recorded for Ambllariyam station and the lowest (52.4 kmisljor Combolcha

station. Wind speed is generally high during summer season in all stations.

Long term (2004 2015) mean monthly relative humidity, sunshineun® and wind speed

data for three stations are given in Tatilelow table 4 5and 6)

Table 4 Average relative Humidity in percent (%)

Stations Jan |Feb |[Mar |Apr |May |Jun | Jul Aug |Sep |Oct | Nov | Dec
Cheffa 62.3 | 55.72| 55.6 | 57.21|56.1 |42.6 |58.2 |71.2 |68.8 |61.3/59.3|57.9
Combolcha] 62.81| 55.6 | 55.4 | 59.6 | 54.76|44.3 |57.4 |67.8 |64.5 |60.1|61.3 |60

Amba 53.9 |49.1 | 54.7|57.7 |59.4 |53 75.1 |81.2 |70.1 |61.8|59.7 |55.4
Mariyam
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Table 5 Average monthly Sunshine hours (in hours)

Station Jan | Feb |[Mar | Apr | May |Jun Jul Aug | Sep | Oct | Nov | Dec

Combolchal 8.1 9 8.3 8.3 | 8.6 7.5 6.3 6.4 6.9 8.2 |88 |84

Cheffa 75 |85 |81 8.1 |89 7.2 6.1 6.6 72 |85 |88 |83

Amba 9 9.2 |85 8.3 [ 8.9 7.1 54 6.2 77 195 193 |93
Mariyam

Table 6 Average monthly wind speed (in km/day)

Station Jan |Feb |Mar |Apr |May |Jun |Jul Aug | Sep [Oct | Nov | Dec
Combolcha | 57.9 [63.8 | 60.8 | 58.6 [58.2 |67.6 |61.4 |49.4 |36.9|33.2 |37.3 |43.7
Cheffa 117.5| 133.8| 139.1| 132.9| 131.6| 138.2| 135.7 | 106.3| 84.3 | 84.1 | 96.8 | 105.4
Amba 114.2| 132.2| 135.2| 139.8| 137.8| 116.4| 98.7 |83.8 | 96.5|129.2| 126.3| 121.2
Mariyam

2.4 Hydrology

The drainage system in the study area is mainly controlled by topography and geological
structures. Borkena and Gerado are amongpénennial rivers found in the sty area which

flow towards Northwestnd southeastdirections.BorkenaRiver is flowing to the Awash

river Basin while Gerado belongs to Blue Nile river Ba3ihe western Afar Margimhich
forms the waterdivides between the eastern Awash River and the western Abay basins.
There are mangtreams that fee Gerado River some of them are Indode, Kelina, Yito,
Teleyayen and kechenivers. The streams are characterized by a dendritic to sub parallel
drainage pattern. ©the other hand the tributary of Borkena River mu@stly intermittent

and seasonal streams while Borkena is a flowing throughout theTyeatributary streams

of upperBorkena River are Werka, Luyel&rawele, Wefkde and WerkwuhaWhile the
rivers Bidheya, Sal, DuberBeteho, Felana, Dirmand Halko streams which emerge from
western and eastern pafttbe horst and drain to Harbu ak@missie plain, and join with
Borkena river in the lowecourse of the catchmenSome of the researchessiggestthat

BorkenaRiver is rechargedby the groundwate(Mesfin, 2001) Base flow index (BFI)
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calculated at the swamp outlet of Borkena is became @Bi2h also confirms this

assumptiorof gaining river.

In addition to the rivers Borkeneatchmentss also known for fault bounded seasoaatl
permanent plains and marsh areas. These plains are BoruRakina plainAlansha plain

and large Kemissie plain and wetlan&echarge to tlee plain comes out as seepage and
from the contacts of differerdiasaltic flows along the fault sca(fetema Tadesse,1980)
There is also structurally bounded lake called Maybar which is located probably at the
highestelevation (2500m.a.s.l) in Ethioplisakes
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Figure 10. Teleyeyen river (A) Lake Maybar (B) and Kelina river(C)
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Figure 11. River network of the area

2.4.1 Base flow Analysis

Estimation of base flow and direct runoff is useful to understand the hydrology of a
watershed. Baseflow varies spatially and temporally influenced by several factors including
geology, topography, climatic season, and anthropogenic activities (SmaRdod).
Baseflow can nurture river flows during periods of dry weather. Although dry season flows
are significantly reduced and in some rivers approach zero flow, this water can be a vital

life source for those who depend on it (SmakH2ib0J).

29



There are @me river gauging stations within the Blue Nile and Awash River basins. Most
of the gauging stations have not adequate data and they lack the consistency to be fully
interpreted. However, river gauge data have been obtained from the Ministry of water
resouce (MoWR) for four river gauge stations. The year of gauging data shows a certain

variation.

River discharge records from river gauging stations show the fact that the river discharge is
directly proportional to the intensity of rainfall within thasins. There is a high discharge
fluctuation between the wet and dry seasons of the year. The first high flow period is in
April, the highest flow period is from July to September, and the peak flow for all rivers is
usually recorded in August. The periddm December to March is characterized by low

flow, and most of the small streams become completely without water on this period.
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Figure 12. Base flow and discharge graph of Borkena at the swamp(AKelina
(B) and Borkena at Combolcha (C)

Results of an assessment of data from the Borkena Eatemmenfrom the river gauge at
the outlet from the swamp show a meaer flow of 7.3m%s, which represent a total flow

of Borkena230.2 MCM per year Onthe other hand the flow of Gerado River has become
4.6 /s whichrepresentl48.5MCM per year ofannualflow.
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3 Geology and structures

3.1 Regional geologyand tectonics

The study areas locatedat the souttwestern block of the Afar depression where it
occupies parts of the northern plateau in the nevésternpart, western Afar Margjrand
associated Graben.

The Northern Ethiopian plateau is characterized by the prolific eruption of basalt and
subordinate other lavas durirtbe Oligocene whiclbuilt up asubaerial volcanic pile,
typically 5031500 m thick and locally attaining 3000 m (Mohr, 1983). These Trap Series
represent the whole pile of th®ligocene — Miocene flood basalt sequence with
intercalation of silicic rocks. Ethiopian plateau was stattgcthe eruption of Ashangi
basalt during the Oligocene, and then followed byuesibn of Aiba basalts and Alaje
Formation during the Oligocerndiocene. These volcanic episodes were characterized by
the extrusion of flood basalts, with interbeds of pyrsiitarocks of rhyolitic or less
commonly trachytic compositions, particularly at upper stratigraphic levels. These fissural
volcanics were followed by centrlpe eruptions of alkaline Tarmab@ussa basalts
during the Middle to late Miocene. The Ashamgid Aiba pulses consist of damantly
basalts whereas the Adajormation is represented by bimodal rhyolite (ignimbrite) and
basaltic volcanism. Silicic rocks of the Alaje cycle are mainly restricted to the platteau
border (GSE 2009. Rooney (2017) lao suggests that Ethiopian volcanism appears in
Oligocene is equivalent to 1 to 2 km thick sequences of dominantly basalt that is observed
from Turkana in the south to Yemen in the north, to Sudan in the west, and the margin of
the Somali plateau to th@st. The mineralogical compositions of the basalts are spatially
variable but all the basalt types contain dominantly olivine and clinopyroxenes with minor

but variable amounts of plagioclase;f&ldspars, and brown glass (Pik et &4P9§.
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The Westen Afar Margin is lying west of the preseday Red Sedulf of Aden-Main
Ethiopian rift triple junction zone. The triple junction is associated with the Afar plume and
EoceneOligocene flood basalt provindging atop the uplifted Ethiopiemen plateau
(Wolfenden et al., 2005). The Western Afar margin is bounded by a seismically active right
stepping NS trending step system of discontinuous graben that extends for 500 km (GSE
2009. These grabens are Kemise, Ataye, Jewha, Borkena, Robit, Kobo, and &sayk b
Individual marginal grabens are tens of kilometers long afid &m wide. Topographic
profiles across the plateau andaiMinal grabens show an elevation drop of up to 2500 m
between thenfSamson and Woldai, 2013). Thearginal grabens follow the cung N-S

trend of the Western Afar dgins (Zwaan et al., 2019). However, mostthe grabers
oriented NNWSSE and arranged in a rigstiepping pattern, except the Robit graben and
the northern part of the Kobo graben which have a MV orientation (Zwaaet al.,
2019). There are many tectonic models that were aimed to investigate the genesis of
marginal grabes One of the models was done by Mohr (1962) which suggests grabens
were formed simply due to isotactic compensation after the material was retnpvee

erosion of the plateau margin.
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Figure 13. Regional geological map ( Abbate et.al., 2015)

3.2 Geology of the Gerado and Borkena catchments

The study areacomprises two lithestratigraphic units. These are Cenozoic and
Quaternaryvolcanic rocks and alluvial deposits. A totadf 9 different rock types are

identified (Fig 14). These units are then shown on the geological maps of the study area.
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3.2.1 Ashangie basalts/Lower Basalt

Ashange basalt was defined as being the lowest basalt on the northwest Ethiopian plateau.
It is dominantly composed of basalt with minaterlayering of pyroclastic towards the top

part of the successiofGSE, 2009) The basalts attain a maximutmickness of ~1000n

along Beshilo river section. Its thickness decreasesrds south (< 200 m) along Dessie
Kombolcha rad. These basalt flowsepresent the lower most parts tife volcanic
successins. They are exposed along theep river gorges of NBW trending Zita and
Beshilo and NWSE trending Geradoivers and their tributary streams in the western
plateau area.

Ashangi basa#tare strogly weathered, intensely fractured and jointed, friable and rarely
vesicular(Fig 15). Generally, the flows are horizontally beddedile exposures along the
escarpment and within the marginal grabens are inclined with amount of dip measured
between 20 ard 60° towards northwest and southe@38E, 2009) On the other hand
ADSWE (2013)alsoreported the Ashange basalt sequence is strongly faulted and tilted by
20°to 30 towards east. Theveathering and jointing with the inclined contact might have
been a favorable cdlition for groundwater flow from highly elevated area to thmarginal

graben.

Figure 15. Ashang Basalt Exposed at Teleyay:
River goarge
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3.2.2 Wegel Tena rhyolitic ignimbrite

It is exposed on Ajibar road, north of Wegel Tena town and Gishen Mariam and Ambassel
sectionslt typically forms a flat topography butorth of WegelTena town it is extensively
eroded and dissected by the deep gorges forming shap lkliffthe Mekdela and Gishen
Mariam area it is found on the hill top with sharp slopes overlying the Ashangie basalts.
Along Wegel Ten&Beshsilo river road section ibfms plains. It form®NW — SE trending

hill at the Ambassel section. The maximum thickness of the Wegel Tena ignimbrite is
about 500 m. The rock is pink, white, light gray and fine to coarse grained. The unit is
layered or bedded and individual flows varythicknessfrom < 3 m up to 15 m. The
individual layers show variation in texture, they are dominantly porphyritic with microlitic
or glassy matrix. Densely welded ignimbrites have a glassy appearance and exhibit a well
developed columnar jointingsSE,210).

3.2.3 DessieBasalt/Middle Basalt

The Dessiebasalt covers parts of wesouthwest, and northeast paftthe ara, which
accounts considerable are# the study area It is exposed in the western plateau area
forming chain of ridges like Tossdountain (Fig 16 A), cliffs along the escarpment and
river cuts of Zita and tributary streams of Gerdgiwer. It has columnar joint structure
which makes it favorable for verticdbw (Figl6 B)

Figure 16. Tossa ridge
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The contact with the underlying Ashangie basalt is marked by about 20 m thick plagioclase
phyric basdl marked by 50 cm thick paledsioom top and bottom as seen along Dessie
Kombolcha and Dessidayk road(GSE, 2010)The Lower(Ashang) and Dessie (Middle)
basaltic units arseparated by an angular unconformi@gtrographically, it is aphanatic
basalts dominated by fine microcrystalline matrix consisting fine plagioclase microlites
(GSE, 2010)

3.2.4 Ancharo rhyolite ignimbrite

This unit forms a nortksouth trending hilleast ofKombolcha which is named after the
locality called Ancharo. It is well exposed quarry site(fig 17) along KombolchaBati

road, where the exposed thickness is about 50m. The rock is white, pink, grag@ndm

to coarse grained-his unit is columnarjointed and shows three major layers. The bottom
part (~ 15 m thick) is pink, yellowish white and massi¥ecording toGSE (2009)this

unit contains plagioclase, alkali feldspar phenocrysts, glass shardpuanite rock
fragments. The middle part (~ 20 m thick) is vesicular and the vesicles are mostly rounded
with maximum diameter of 15 cm. The top part (~ 15 m thick) is white and
compositionally similar with the bottom one, except that it sometimes contgosdary

calcite.

Figure 17. Ignimbrite in eastern part of Kombolcha town (Multikolo locality)
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3.2.5 Tarmaber basalts

Termaber basalt exposures are mostly found on high altitude but also outcrop en down
faulted blocks of the western escarpment. Termaber hasaHl exposedn ridges greater

than 3000 m.a.s.| likBorumeda- Kutaber, Tita— Sulula, Tebasit- Gugufty Tosa felana
ridges.It has conformableantact with the Dessie bas&BSE, 2010) It is reported that

this Formation attains a thickness greater than 1000 m. There are thin layers of ignimbrite
inter bedded within the flow and it is cut by sets BAW and N-S trending aphanitic
basaltic dykes having 170 cm and 80 cm width respectively. Some of these dykes show
vesicleswhich are filled by secondary silicd®etrographically, it is composed of 95 %
groundmass an8 % phenocrysts. The phenocrysts include plagioclds#&) and alkali
feldspar (1%). The groundmass is dominantly constituted by oriented microlites of
plagioclase. The rock shows aphanitic, porphyritic and trachytic texi@f&is,2009)

Figure 18 Tarmaber Basalt
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3.2.6 Adami basalt

The unit forms small to big hills and flating topography and well exposed along hill
sides, roads and stream sections. Adami basalt is 350 m thick, consists of fractured and
weathered aphanitic basalt, pyroxenelivine -plagioclase phyric and plagioclapéyric
basalts, scoriaceous basalt and agglomé@asE,2009)

3.2.7 Kemise Formation

The Kemise Brmation consists of rhyolite, ignimbrite, tuff and ash with subordinate
basalt.They crop out as discontinuous tectonic block bounded by noandlreverseslip
faults. Along the footwall of the lovangle normasklip (detachment) fault, the rocks are
strongly deformed, and variably sheared and folded. The bedsdired (25260°) to
overturn It has a tectonic contact with the Ashangi baG@BE, 2009) It is exposed in
ridges and hills, and road cuts along Kenfdeewa Robit high way, and in stream beds
and cliffs. It is affected by faulting, folding, shearirand jointing. It shows thin
laminations of flow layering. Around Bora calcite and minor opal infillings are observed.
Along the main DessiAddis Ababa high way about 2 km south of Kemise town the rock

is cut by basaltic dyke, and deformation folded hbthtuff and the basalt.

3.2.8 Rhyolitic tuff

This unit is exposed in theouthcentral part of the area within tigorkena grabemnd
formed domshaped hills and ridges. These flows consist of cluster of plugs, and localized
lava flows ranging in diameter frombout 250 m to 3 km occur along northweshd

northeasttrending faults.

3.2.9 Quaternary alluvial deposits

The Quaternary deposits are exposed in the eastern low land plain of Borkena graben and
intermountain low lands of Gerado Kutaber. This soil is mostlyered with extensive
farming. The yellowish gray sandy to silty and clayey soil occupy low land plain of the rift
floor. When the solid supply of a stream is high and the transfer capacity is not adequate
for the transportation of the corresponding saiaterial, flow speed is reduced and
deposition of the heavier solid material (boulders, gravels) begins to be deposited in the
upstream areas (towards the western sector of the marginal grabengontea

Escarpments). As one goes towards downstreamta@e decrease in inclination of the
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terrain, a decrease of a water stream"s
lighter materials (sand, silts, and clays) are deposited on the eastern part of the marginal
grabens forming wide alluvigllains

3.3 Structures

Thestructural architecture of the Western Afaaigin isdominatedby normal faulting and

the extensive occurrence of eastward tilted fault blocks with dips increasing towards Afar
(Zwaan et al., 2019). Those faults are responsible foriessarfaultbounded grabens.

The structures in the area are characterized by normal faults; lineaments represented by
fractures and/or joints of variable strike and length. Accardm GSE (2009), normal

faults in the study area are of two types. Thestfione is low angle normalip
(detachment) faults which are SWo NW and WNW trending and dipping to the north

and northeast.

The prominent big detachment faults are the -BatnbolchaDessie fault. The length is
more than fowkilometer and charaateed by top to NW and SW sense movement. This
fault separates the Ashangie basalt at the footwall witth&mcrhyolitic ignimbrite at the
hanging wall. The second form of normal fault is high angle normal fahitthanseparates

the plateau and far depresion. The trend and the amount of displacement along the
escarpment vary along the strike. They have an overall NNW general orientation, long,

widely spaced, and have a large vertical offset (> 1000 m).

Lineaments related either to fracturesl/aor jointsare common in tharea. They are 1%

to NE, NW, and BW striking with the NS and NE lineamentpredominating. These
predominating lineaments are long and subparallel, suggesting they are reactivated older
structures. The &V striking lineaments crosschbth the NE and M striking lineaments

as observed during the fieldwork and DEM interpretation, suggetstéygare of younger
age(Fig 19).
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4 Hydrogeology

4.1 Introduction

Rock beds at the saturated zone that host flowing groundwater are called aquifers. the size
and number of voids and thus the degree of interconnection between those pores and
fissures define the qualities of the aquifers. Those properties also define infiltration
efficiency and the capacity of the intake of recharge water (Mazor, 2004). Less permeable
rocks, that retard water, are termed as aquitards (Gilvear & Bradley, 2009). When the
aquitards situated below an aquifer they'll restrict the downward movement of water,
hindering drainage or if they situated above an aquifer act to confine water within the
aquifer.Different types of Rocks have variable hydrogeological properties redyiritpeir
permeability. Most of the Basalt and other extrusive lava have no primary porosity;
however, they might get permeability to circulating water from fractures. Rocks often
occur in bedded structures, alternating with paleosoils. Thus, basaltingemay have

lateral flow conductivities. Unconsolidated deposits have primary porosity which is
typically governed by grain size distribution. The more uniform (well sorted) the grain
sizes are, the upper the porosity and thus the coarser the matenigdptr its permeability

and hydraulic conductivity (Fitts, 200p).

4.2 Hydrogeological Units

The nature and distribution of aquifers and aquiclude in a geologic system are controlled by
the lithology, stratigraphy and structures of the geologic deposit§oamations(Freeze

and Cherry, 1979)The area is characterized by volcanic rocks and intermountain graben
alluvial deposits. Hydraulic properties of volcanic rocks are determined by their primary
and secondary porosities as well as their openness amdoimbections. It is also highly
dissected by NNESSW, NESW, EW trending faults.

Numbers of intermountain Graben are formed elongated in -sorth and NWSE

directions. The volcanic rocks form the mountains, escarpments and rugged terrain which
act as echarge area for those intermountain valleys. The intermountain graben is
dominantly composed of poorly compacted quaternary basin fill deposits. The alluvial

deposit
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channelsThose alluvial deposits have different permeability from the volcanic rocks. The
groundwater availability and flow in alluvial deposits is highly dependent on grain size,
sorting, type of cementing material and thickness of the Aquifer.

There are diffenat literatures which have been studied the groundwater potential of the
area(GSE, 2017; Ketema 1980; (ADSWE) 2013;, Mesfin 2001, Mola 20B@yed on

those studies the area have classified within three hydro geological units. Those hydro
geological unitsare porous aquifer, fissured aquifers and low permeability hydro
geological units.

4.2.1 Porous(intergranular) Aquifers

Hydrogeological units with porous permeability: where groundwater is accumulated in and
flows through the pours of unconsolidated materiahe TQuaternary allium and
lacustrinesediment represent porous materials. The groundwater availability and flow are
highly dependent on grain size, sorting, type of cementing material, and thickness of

aquifers.

The main groundwater prospective intermi@im Grabens within the study area are
Gerado, BortMedaAlansha, Kombolcha, and Hariheffa-Kemissie. The marginal
grabens are sites of the highest potential of groundwater storage and availability (Seifu,
Kebede 2013. According to ADSWE (2013), thelaVvial Porous aquifers are unconfined,
sem-confined, and confined (fig 20The thickness shows certain varlapifrom place to

place (fig 23. The sediment thickness of the deposit in different parts of the deposit is not
similar: - the thickness allual deposits reached up to 250m and the area yields greater than
30 lit/sec (ADSWE, 2013).
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Figure 20. Artesian flowing well found in
Harbu town tapping from alluvial deposit

4.2.2 Fissured/ fractured Aquifers

Those aquifers unit mainly covers the western and elevated part of the study area.
Hydrogeological properties of the basaltic aquifers have been computed from drawdown
data and recovery pumping tests and from the yields of springs issuing from the aquifers
Very high yielding springs along deep faults on the western esca&prié&nagraben are
typical representatives of the high groundwater pote(B&E, 2017) The variability of

spring discharges from these aquifers shows the diverse hydrogeologich/dradlic
properties of the basaltic aquifeXolcanicrocks outcrop surrounding the valley pkare

so highly fractured and weathered that are good recharging zone for the alluvial filled plain

ared.

7’1‘;..&;.‘“ . A‘f b"‘ :

e 21. Springs, at Kurkur (Dessie) (A) and Harbu(B)
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The potential water bearing horizon of these units is concentrated toattaréd and
weatheredsurfaces. Boreholedrilled at DessiepenetratingDessie basalt aquifer wepths

of more than 100 mhow transmissivity values in the range of 90 to 318.5 m2/d and yield
of 5-12 I/s.

On the contrary, acidic volcanic rocks cover the eastern block of marginal graben is
consideredas very low productive aquiferdBecause those rocks are massive and fresh
rocks with less fractured and weathered surfaces. The slope which those units exists is
mainly steep and there is no considerably developed soil cover which fawoofaather

than infiltration.
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4.3 Groundwater recharge

The rate at which groundwater is recharged is influenced by several factors including
rainfall or surface water bodies, climate, topgima soil, and aquifer hydraulic properties

and vegetation cover (AGBRS,2007). It is essential to know the rate of groundwater
recharge in order to sustainably manage resources. There have been different methods of
estimating groundwater recharge with drént spatial scales. Among several methods of
estimating groundwater recharge, two of them are used in this study to compare the results
between those methods and to obtain an average value of recharge. Chloride mass balance
and Basdlow separation hasden used.

4.3.1 Chloride Mass Balance

Chloride mass balance is considered an appropriate environmental tracer since its highly
soluble, conservative, and not substantially absorbed by vegetation (Marei et al., 2010).
The chloride masbalance method is conveniemand cheap due to its simple data

requirements.
R=PxClp/clgw

Where R is recharge (mml/year); P is rainfall (mm/year); CIP is a mean chloride
concentration in rainfall (mg/L); and Clgw is a mean chloride concentration in groundwater
(mg/L). The recharg estimation has been done for both catchments separately.
Precipitation samples from Gonder, Dessie, and Debre Birihan are used for the estimation
because there's no enough precipitation data within the study area boundary. The mean

concentration of chlade for rainfall is 0.94 mg/l. a mean chloride for groundwater in

Gerado is 6.87 mg/l while in Borkena its 13.67mg/| calculated recharge has become 176.6

and 80 mm/year for Gerado and Borkena catchments respectively. The recharge for Gerado

seemg eal i stic and it coincides with values &est
is under estimated. This might be because of there is additional chloride source to the
groundwater from the factories found in Dessie and Kombolcha towns. Agricultural

adivities might be also additional sources for chloride within Borkena Catchment.

48



4.3.2 Base flow separation

The base flow separation method was applied so as to get recharge from the entire flow of a
river. Base flow separation techniques use the -sewes reord of stream flow to derive

the base flow signatur&he common separation methods are either graphical which tends
to target defining the points where base flow intersects the rising and falling limbs of the
fast flow response or involves filtering wieedata processing of the whole stream
hydrograph derives a base flow hydrograph. Among several base flow methods on this
paper Base flow index (BFI) was used. BFI has usually divided river flow sequences into
many small units according to a given thistepand subsequently, the minimum value in
each unit is chosen to get the bottom flow via linear interpold@fly et al., 2019) A

mean annual base flow has become 2.5, 0.76, and 0.11m3 /s for Borkena River at the
swamp and Combolcha and of Kelina RivérGerado basin respectively. Comparing to
chloride mass balance the recharge is high in Borkena catchment calculated using Baseflow
separation which becomes 132.5 mm/year which represents 11.4% of Average precipitation
on the catchment. This result canl tes the previous assumption is convincing and
therefore the source additional chloride concentration to the groundwater needs an
assessment. Recharge of Gerado catchment calculated using base flow separation also has
become 177.2 mm/year which represeh87% of total precipitation. There are few
attempts tried to estimate groundwater recharge of the world using the water balance

method. Theesult of a number of the studies leen discussed during a table below.
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Table 7 Recharge rates estimated by other studies

Study Catchment Estimation Recharge mm/year
Method

Dereje et.al (2016) Gerado Water Balance 173.6

ADSWE (2013) Gerado Water Balance 168

Kidist (2018) Gerado Water Balance 148.5

ADSWE (2013) Borkena WaterBalance 134

Mesfin (2001) Borkena Water Balance 155.6

4.4 Hydraulic parameters and Groundwater flow

4.4.1 Hydraulic conductivity

Hydraulic conductivity is the ease with which water can move through pore spaces or
fractures (Fetter, 2001). It is dependent onitiensic permeability of the aquifer material

and the degree of saturation. The hydraulic conductivity of fractured rocks depends largely
on the density of the fractures and the width of their apertures. Fractures can increase the
hydraulic conductivity solid rocks by several orders or magnitude (Kruseman and de
Ridder, 1999.

Many empirical and experimental methods have been developed to determine the hydraulic
conductivity. Among them, a pumping test is the most reliable method to calculate the
coefficient of permeability. From caltated values using pumping test data different
boreholes, the alluvial aquifers in the central parts of the Kombolchdagib have
relatively very high values of hydraulic conductivity (10-8Q.00 m/d). Relatively kg
hydraulic conductivity values (7.810m/d) have also been encountered from alluvial
aquifers in the northern and southern limits of the Kombolchebagin. Moderate values

of hydraulic conductivity (5.47.5m/d) have been depicted by alluvial aquifersthe

southern tip of the Kombolcha area.

Low hydraulic conductivity values (2.88.0 m/d) have been indicted by the alluvial

aquifers in the area surrounding Kemissie. Very low hydraulic conductivity values also
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(0.06-2.5 m/d) have been revealed by thlenadl aquifers in the central parts of Gerado
and Harbu areas.

4.4.2 Transmissivity

The transmissivity of an aquifer is a measure of how much water can be transmitted
horizontally. It is the Product of the hydraulic conductivity times the thickness of the
aqufer (Dricoll, 1986)Transmissivity (T) is a hydraulic parameter of an aquifer that is
known employed in most Groundwater flow equations to understand the flow dynamics
and is generally estimated from Pumping tests (Freeze and Cherry, 1979).

The transmissity values in the Area calculated from pumping test ranges from 10 m2/d to
about 1750m2/d. data obtained from ADSWE (2013) and MoWIE (2018) show that
transmissivity of alluvial aquifer found in Kemisse area of Borkena river catchments has
relatively hightransmissivity values (>500 m2/d). While most of the area of an alluvial
aquifer of Gerado and upper Borkena river catchment have range of transmissivity values
(100500 m2/d) Low transmissivity values (BD m2/d) correspond to the volcanic rock
aquiferssurrounding the alluvial aquifer in the western and eastern side of the alluvial

aquifers

4.4.3 Specific Capacity

Specific capacity is material physical properties that characterize the capacity of an aquifer
to release groundwater from storage in response to a decline in hydraulic head. The
Specific Capacity of a well is simply the pumping rate (yield) divided bylthesdown. It

is a very valuable number that can be used to provide the design pumping rate or maximum
yield for the well. It can be used to identify potential of well, pump, or aquifer problems,

and accordingly to develop a proper well maintenance sahedul

From data obtainetfom ADSWE (2013)an average specific Capacity of wells from the
four well fields become 107, 143, 35 aAd0 m3/day/m for Gerado, Kombolcha, Harbu

and Kemissie well fields respectively.
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4.4.4 Groundwater Flow

Groundwater in theaturated zone is always in motiKresic, 2007)1t moves through the

porous media under the influence of fluid potenidtter, 2001 he most driving factor

for the movement of groundwater is hydraulic gradignbundwater flow takes place from
thehigher hydraulic head towards the lower hydraulic head.

For the reason thagroundwater ishidden it is not possible to directly measure the
groundwaterrateswithin an aquifer.However,observation piezometers can be constructed
to determine the elevation of the water level in the piezometer. This waterokésed
information about the groundwater head at the open section of the piezometer.
Groundwater head gdients can be used to estimate #went and direction of
groundwater velocitie@Rushton, 2003)

Toth (1963 classifies groundwater flow regimes in to three flow systeimsiware local,
intemediate, and regionaHe also suggests understanding ofugidwater movement in
adjacent small basins makes possible an accurate representation of the motion of

groundwater.

The study area lies in two surface water Basins which are the Blue Nile and Awash.
Previous studies are tried to understand the flow dyrawifidhe catchments separately.
The study area is studied with the number of authors that try to conceptualize a
groundwater flow but specifically, Between Borkena and Gerado there is no study
conducted to understand a flow. However, on a study of grouedlaw Ethiopian rift
volcanic within a selected transects Seifu et al. (2008) concluded groundwater inflow
originating from the plateau accounts for greater than 50% of water inflows to the deep rift
aquifers. They also determine the transverse fahl$ dissect the rift margin channel
groundwater from the plateau to the rift floor the marginal graben and faults bounding the
rift as a major groundwater barrier that shifts the water to the rift valley system. But on the
case where the rift floor is boded by marginal graben, the waters infiltrating into the

plateau emerge in the alluvial sediments (Tenalem et al., 2007).
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Groundwater flow on the study area controlled by the low angle nelipafaults which

are SW to NW and WNW trending and dippindgo the northeast create the pattern for
groundwater flow from the western escarpment towards the northeast. Minor lineaments
that are related either to fractures and joints are common in the mapped area. Th&y are N
to NE, NW, and BEW striking with the NS and NE lineaments is predominating. Those
lineaments are transected by theAEstriking lineamentsThese lineaments also have a
favorable condition for groundwater flow across the seriaater divide

Despite there is a lack of adequate deep well datidhe Gerado Basin. 15 spring elevation
data that have been collected during the field trip and 35 deep well static water level data
are obtained from Ethiopian water work design and supervision has been used to do
grourdwater level contour map (fig 23

Groundwater flow direction has been determined from the groundwater level contours
which is the direction of the groundwater flow perpendicular to the equipotential lines.
Kriging with the help ArcGIS 10.7 software was done to interpolate groundwatdr leve
data"s through the study area which is a
enables the estimation of a regionalized variable at any point in space based on its
measured values at other locations. Most of the wells found in the alluvigingda@iposits

found to be semtonfined and confined. Those wells can represent an intermediate
groundwater flow while spring at the higher elevated areas representing local groundwater
flow. The topographic gradien§tratigraphy and structures are respdis for the flow

pattern in the study area. The graben is recharged bl@igontal flow from Western and
Eastern escarpment areas. Recharge from the escarpment area is also a reason for the
artesian character of the graben aquifers. Alluvial grabeshesaa thickness of more than
200m in some areas and they provide a great amount of water for the communities in the

area.

Groundwater Existence in Gerado catchments is limited on the springs emanated from the

highly elevated mountain ranges to the ridessected gorges and depressional areas. Apart
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from the Gerado well field, there is no borehole encountered in the catchment.
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In addition to groundwater level and structural evidence, geomorphological spring patterns

also suggest there is an intaasin groundwateflow between the catchment. The springs

have preferential alignment in emergences with a considerable discharge which

support interbasin groundwater flow. Most of the springs in Borkena catchment emerge

from Western and northwestern sides which are adjacent to the divide. The tributary

streams of Borkena catchments are mostly flowing from west to northeast which és in th

direction of groundwater flow. Lake Maybar which is structurally controlled found
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immediately after the surface divide may also be good evidence of through flow. This lake
is found with an elevation of 2500 m. a. s. I.
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Figure 26. Physeographic setup of the areas which the springs are emaneted

57



Water flows from high points to low points, and therefore a water level gradient is an
important condition for groundwater flow. Reconstructing groundwater flow directions
based on water level gradients isampulsorybut inadequateo characterize groumdater

flow and dynamics. Consequently, this paper also tries some Hydrogeochemical and
environmental isotope tracers to confirm the conventional methodletérmining

groundwater flow.
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5 Hydrochemistry and Isotope hydrology

5.1 Hydrochemistry

The chemical composition of groundwater is greatly dependent on natural factors chemical
reactions, lithologies, meteorologictdctors hydrology, weathering, residence time and
length of flow path. As the groundwater becomes older and slowly circulating it develops
more complicated subsurface histories through rock water interaction (Clark, 2015). The
active interaction of water with ¢h environment helps to understand groundwater

chemistry along its flow paths.

Geochemistryis a major tool & understand groundwateeaharge, evolution and flow
processes since last century. Theories and conceptual models that have been developed
helped us to describe the solute concentrations and chemical characteristics of water.
Numerical Reaction models also have been developed that assists for furthers deep
understanding of the concentration limits and the variations in the behavior of the dissolved

substance.

Mass balance approach uses two water analyses represent starting and ending water
compositions along a flow path to calculate the moles of minerals and gases that must enter
or leave solution to account for the differences in composition (Rasklet al., 1980).

Before doing reaction models it is essential to understand the possible reactions that could
happen in the groundwater system. The dbehreaction that has altehe chemical
composition of groundwater are Acid base reaction, Ptatipn/dissolution reactions,
Redox reactions, Sorption reactions, Aqueous complexing, Gas transfer, lon filtration and

osmosis and Radioactive decay (Kovalevsky et al.,2004).

In addition to geochemical studies)wronmental isotopes have proved extremedgful in
groundwater studies. The distribution of isotopic species in water provides additional
information on sources of groundwater, on flow paths and mixing, and on chemical
reactions and sources of ions. The variation in the ratio of stable isasogegerned by
chemical reactions and phase changes due to the energy difference between chemical bonds
involving different isotopes of an element (Kovalevsky et al., 2004). Distribution of

isotopes is controlled by fractionation of isotopes during angipalyor chemical reaction,
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and the distillation of isotopes from reactant reservoir as the reaction proceeds (Clark,
2015). The most important physical reactions that cause variations in isotope compositions

of natural waters are evaporation and condémsat

A number of studies have been carried out on the research area tries to understand the
hydrochemistry of the Borkena and Gerado catchments separately. Some of the studies are
GSE, 2017, Dereje Gidafe, 2012; Ketema Tadesse, 1980. There are alss ttaidhave

been done on a regional scale tries to understand the flow processes and Hydrogeochemical
evolution of both Awash and Blue Nile basin.

This study triego investigate a groundwater flow process of both catchments and analyze
IGF using differat chemical approaches such as hydrochemical analysis, ionic ratios, TDS
and Chloride ion concentration. Inverse geochemical modeling has been also applied in
certain selected groundwater flow paths.

5.2 Evaluation of laboratory results

Water samples were cetited for chemical analysis during the field work and field in situ
measurement of EC, PH and were done as. Wekddition, available chemical data have
been collected from previous studie@ereje Gidafe012 GSE2017)Thirteen
parametershiave been analyzed in the laboratoeDS, EC, pH, , Na+, K+, C&+ Mg+,
NO®-, , HCO", SO#, Cl, Si04 and Br

The accuracy of hydro chemical laboratory analysis was checked by calculating the cation
anion balance. According to the principle of eleateutrality, thesums of cations in meq/I
have tonearly be equal to the sum of anions in meg/l for the chemical data to be
dependablefor further geochemical characterization and interpretatibreeze and
Cherry,1979) The accuracy of chemical analysesults was evaluated Based on electro
neutrality obtained from using aquachem software. Water samples with electro neutrality
below + or— 10 % regarded aacceptable. Aotal of 56samples were pass caticanion

reliability check less than ten percent.

Other method of checking the accuracy of Laboratory result is by checking resemblance of

field measured parameter with laboratory measurement. In this case field measured Electric
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conductivity is showing agood correlatiorwith R? of 0.84 whichshows theresult of
laboratory is reliabléFig 27)
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Figure 27. Electrical conductivity values (Field versus laboratory)

5.3 Hydrochemical parameters

5.3.1 Total ionic concentration and pH
The residence time of the water within thguifer determines the concentrations of
dissolved ions. The short residence time in the fractured aquifers leads to lower dissolved

ions and vice versa.

The total ionic concentration is expressed in terms of electric conductivity (EC) or total
dissolved elids (TDS). From the chemical analysis result the total dissolved solids and
Electrical conductivity from different lithological units showariation from 165 938.1

mg/l and 1881394y S/ ¢ m r e.sTpedowési D8 Wwas recorded on a spring at the
foot of the escarpment around Mekoy town south western part of the area. Maximum TDS
and ECwereobtained deep wells from Kemissie plain. The high TDS and&fples are

characterizes with relatively a long flow path and residence time.

pH is a measure of kwacidic or basiavateris. The gH in an aqueous solution is controlled

by interrelated chemical reactions that produce or consume hydrogeriHens1989)

Despite the fact the PH values doesn®t show
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study aredhe values have a range between 6&%9. Most of the values are fall under PH

value of 8.3.

Table 8 Summary statistics for hydro chemical parametersand ions

Parametel Ca Mg | Na Cl HCO3| SO4 | pH | Electrical NO3 | calc Total
Conductivity TDS Hardness

Unit mg/l | mg/l | mg/l | mg/l | mg/l | mg/I uS/cm mg/l | mg/l mg/l

Min 0.3 |08 |02 |06 |100.0|3.9 |6.6 |188.0 0.1 |165.1 |7.9

Max 167.2| 41.5| 267.3| 163.1| 477.0 | 192.0| 8.9 | 1394.0 86.4 | 938.2 |547.5
Average | 53.0 (14.4|475 |20.7 |277.7 | 23.4 | 7.4 |537.6 9.9 |4514 |197
St.Dev. [ 323 |86 475 |27.6 |97.2 348 |7.3 |234.1 15.9 | 186.8 | 111
Sample |56 56 |56 56 56 56 56 | 56 56 |56 56

Num

5.3.2 Major ions

Total of 58 samples have been analyzed from both catchmfamtshydro chemical

parametersThose samples were collected from Rivers, boreholes, shallow dug well and

springs found on the study area.
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Figure 28. Sample distribution of hydrochemical data

Different processes play a role in shaping the chemistry of groundwater. Samples from
northwestern area have high awhen compared southeastern areas of Borkena
catchment. C4 showssome decreasing trend along groundwater flow direction although
locally high and low values are found due to variation in depth of boreholes, geochemical

reaction, and presence of deep groundwater system.
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Cations exchange is a reaction in which the oaiciand magnesium in the water are
exchanged for sodium that is adsorbed to aquifer solids such as clay minerals, resulting in
higher sodium concentrations. The molar concentration &f Metted against C4 is

shown in Fig 29.The linear trend shows thénance of two ion exchange systems with
different original water quality.
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Figure 29. Ca versus Na graph
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Plots of (Ca + Mg) vs. (BO3 + SO4) were studied to identifiye relative importance of

ion exchange and weathering processes. If Ca, Mg, SO4 and HCO3 arel deyivea
simple dissolution of calcite, dolomite angpgum, a 1:1 stoichiometry of (Ca+Mg) to
(SO4+HCO3) will exist If ion exchange is the process, itllvghift the points to the left

due to a large excess of Ca+ Mg over SO4 + HCO3. Most of the samples are plotted

toward ion exchange procedg 30).
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Figure 30. Ca+Mg versus SO4+HCO3 graph

C&* versus HC@ plot indicates that some of the samples have relatively excéssh@aa
HCO3 that can be contributed by calcite. However calcite dissolution is not a dominant

reaction on groundwater eubion (Fig 31)

65



Scatter Plot

8.0

Legend

J Ca-HCO3

F

o F Ca-Mg-HCO3
J CaNa-HCO3

(e) FJ O Na-Ca-HCO3

0J J Na-HCO3

>
[t

HCO3 (meq/l)
o
=
o

Qo O

CalciteDissolution line

0.0

T T T T T
0.0 18 36 54 72 9.0
Ca (meqg/l)

Figure 31. Scatter plot of HCO3 versus Ca

The most dominant anion in all groundwater samples is HCO3 which is a dominating anion
in most fresh waters. However most the samples have a TDS c@tioenhot excesing

600 mg/Il. Those types of water have not passed evaporates. The nature of rocks interacted
with can be deduced from the catiodda and Ca HCO3 watershave interacted with

feldspar, plagclase, and pyroxene containedvolcanic rocks
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The dissolution of feldspars, micas, and other silicate minerals is strongly influenced by the
chemically aggressive nature of water caused Ilsgadved CO2. When CO2 charged
waters that are low in dissolved solids encounter silicate minerals high in cations,
aluminum, and silica, cations and silica are leached, leaving an aluminosilicate residue.
This residue is usually a clay mineral such asikée] illite, or montmorillonite The result

of this process of incongruent dissolution is a rise in HCO3 concentrifi@eze &
Cherry, 1979)Fig 32).

(Ca,Fe,Mg) (SiQ) + 2H,02CO, - ( Ca, F e, M40 (OHLC O
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5.4 Hydrochemical evidence of groundwateflow

5.4.1 Graphical representations and hydrochemical facies

The chemical properties of water can be represented in graphical illustrations. The common
graphical representation of hydrochemical facies of water is the plipgram. This
diagram permits the cation and anion compositions of many samples to be represented on a
single graph in which major groupings or trends in the data can be discerned visually
(Freeze and Cherry, 1979). It also can define the patterns ddilspainge in the water
chemistry along a line of a section or along a flow path. Hydrochemical facies are distinct
zones that have cation and anion concentrations describable within defined composition
categories (Freeze and Cherry, 1979).

Hydrochemical &cies are useful tools for tracing a groundwater flow and reaction in the
subsurface. Geochemical reactions along gremater flow paths can lead to regional

differences in water composition that change in the direction of flow. Iso concentration
contoursof reacting dissolved constituents drawn on maps of water composition tend to

align normal to the direction of growwdater fow (Glynn and Plummer, 2005).

The dominant cation in the study area are Ca and Na which approves the fact that in
volcanic aquifers the dominant cations range fromMBa to Na-K dominance while
HCO3 is almost exclusively the dominant anion (Seifu Kebede,2013). Waters in the study
areaclassified into 5 differenthydrochemical facies using agahem software based on the
dominant anion and cations: €#CO3, CaMg- HCO3, CaNa-HCO3, NaCaHCO3 and
Na-HCOJFig33).
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CaHCO3 type waters are associated with less evolved water types. They also have a
relatively low residence time in the subsurface, without significant watds interactions.

In the study area, thoseater types found on the shallow boreholes which have been
developed along the fault lines. The fracture is facilitating the flow which gives no much
time for the water to interact with the environment. These types of water have a TDS
between 311 and 646gth

Water groups represented by-Ulg-HCO3 are associated with the shallow systems. Those
types of waters are localized in the highland basic volcanic areas. The high Mg content is
related to preferential leaching of host basalts (Tenalem et al., 2Q0Wples that belong

to this group are springs, Rivers, and some wells. There TDS is generally low which is
below 500 mg/l. It is also characterized by relatively higher TDS values 706 and 873 mg/I
recorded on two of the borehole samples. This group aldadex CaMg-NaHCO3

which shows a considerable mixing of groundwater from different sources.

The other types of water groups are-l& HCO3 which are more mineralized and
evolved types of water with theDIS ranging from 300918 mg/I. This water type isdund

in relatively deep wells found at the Gerado graben and some of the Boreholes found at the
foot of the eastern block of Borkena graben. As the eastern part of the graben mostly
dominated with acidic volcanic rocks, this might be the result of the heesat and

fractured rocks rich in Gaand Na plagioclases.

Na-CaHCO3 groups are represented by intermediate groundwater evolution which
relatively long travels a distance from the recharge source and more residence time. These
types of water are found #te Kombolcha area along the fault line of Des$ituti kolo-

Bati. These types of water in the study area not highly mineralized with the TDS value
ranging from 272637 mg/l. those low mineralized Na dominated water might be the result

of cation exchang

The last hydrochemical facies found is-N&O3. Water samples in this group were
obtained from wells and thermal fault springs. The group has a range of TDS values from
204 938 mg/l. those water types found at the Kemise plain on the deep wells and hot

springs found in the Harbu area. For the borehole with low TDS Cation exchange at clay
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layer interfaces as water percolates to deeper zones could be a possible explanation. The
silicate mineral such as albite (NaAISi308) weathering in volcanic rocks peediha,

HCO3, and clay. When freshwater with-B8&€03 type enters into the aquifer, the Na in

the aquifer will substitute Ca leading to a rise in Na concentration in the water and Na
HCO3 type water. This assumption can be seen from the scatter plot afidN€a2which

Na" shows a negative correlation withCéFig 34)

70 -
60 - .
50 -

o e
40 - *

Ca (mg/l)

N oW
o o
$
4
4

o
*»
4

o
4

Na (mg/l)

Figure 34. Na and Ca scatter plot for NaCa-HCO3 and NaHCO3 water types
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5.4.2 TDSand EC

Groundwater moves along its flow paths in the saturated zone, increases of total dissolved
solids, and most of the major ions normally occur. TDS also may increase due to the
dumping of wastewater, metropolitan runoff, and increased erosion due toslcithnges

in the drainage basin. TDS in water is an essential factor to describe the changes
groundwater undergoes along the flow path (Tilahun Azagegn, 2014).

Measured TDS value in the study area has varied from 165 to 938 mg/l. The lower values
belong to springs and shallow boreholes which have less evolved in the groundwater
system. The highest value is recorded from hot sprig found in Harbu area which is thermal
spring associated with the fault system.

Moderately evolved groundwater systems with Tix8ue above 500 mg/lI found from
Boreholes and river samples Adjacent to Tosaa ridge in Borkena river catchment while
adjacent to the ridge in Gerado river catchment; boreholes have a TDS value less than 300
mg/l. There are also boreholes with TDS valueta@00 mg/l found along NS the fault

lines. These waters have substantial raeker interaction, with long sedurface path

length and residence time. This suggests there might be a groundwater interaction between

two catchments.
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Electric conductivity is the ability of the water to conduct an electric current. The presence
of charged ionic species in water makes the water conductive. As ion concentrations
increase, condaance of the water increases. Therefore, the conductance measurement

provides an indication of ion conaiation in the water (Hem, 1989

Electrical conductivity of water in the study area shows some variation with respect to flow
process of a groundwatdt can also be used as an evidence fodysng a groundwater

evolution EC values of the water samples of the investigation area are in the range
from1l88py s/ c94u e/ ¢ m. The electrical conductivity
area showed andneasing trend from recharge to discharge areshawedon the spatial

distribution map of EC (Fig6). The groundwateand spring samples found in Gerado
catchments have the lowest value of EC while the springs on the foot escarpments in the
Borkena river catchment have relatively high EC valudwrefore, this shows that the

changeand rise of EC values comes after sexi®f interaction of water with different

lithologies along the flow pathThe rise of the EC also coincides with the direction of

groundwater flow mapped on the area.
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5.4.3 Chloride

Chlorideis possibly the most informative ion from a hydrochemical viewpoint, since it is
common in groundwater, has a limited number of identifiable sources, and is hydro
chemically conservative. These properties turn chlorine into a most useful hydro chemical
indicator.

Since chloride is conservative ion which never reacts once ionized and inters to a solution
but its value increase along groundwater flow direction new chloride inters to the solution

due to libration of geochemical reaction.

Generally, igneous rés cannot produce very high concentrations of chloride to natural
water. Considerably more important sources are associated with sedimentary rocks,
particularly the evaporites (Hem989. There is also chloride bearing minerals found in
igneous rocks likéeldspathoid sodalite and phosphate mineral apatite (HB89).

The chloride concentration on the study area ranges from 0.5 to 163 mg/I. highly elevated
areas that have been considered as a recharge area have a low concentration of chloride
with the exeption of areas that have been found on Borkena river catchments near to the
surface divide possess a high amount of chloodecentration (up to 60 mg/l).ifge

chloride concentration and TDS have some correlaieily 38)the possible explanation

of high concentration of chloride found adjacent areas of the groundwater divide is possibly

the groundwater havelatively greater travel time from the adjacent Gerado catchment

During the flow, there is a considerable contribatdf chloride from erosion of the rocks
that underlies most of the area. Some boreholes found at Kemissie plain area which is
found in the lower course of Borkena River catchment and hot springs also have chloride

corcentration more than 100 mg/lL.hfdride source from industries might also have an
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impact on the high concentration of chloride on the lower course of Borkena catchment.
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Figure 37. Chloride Map
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5.4.4 lonic ratio

Na" and C&" molar bnic ratios are useful for determining the groundwater flow path. Since
the sources of sodium and calcium in the gowetter are from the minerals corresponding
silicates, feldspars, pyroxenes, and amphiboles rock types of the study area. The Na/Ca
ratio is higher where there are deep groundwater circulation and long residence time. In the
study area, the groundwater baws rich in sodium as it circulates through the aquifer.
Under such conditions, the cation exchange reaction of calcium by sodium, which comes
from the host aquifers and intercalated clay soil, increases the sodium concentration over
the calcium. The systeatic changes in the cation composition of groundwater can be
interpreted as direct evidence of exchange reactions. The chemical composition of

groundwater might, therefore, be used to trace groundwater flow (Varsanyi,1989).

Some of the boreholes foundtime Kombolcha area have Na/Ca ratio values more than 20
which have been considered as relatively long traveled groundwater from the recharge area.
On the other hand, faudtontrolled hot springs also have a high value of the ratio of about
40. Therefore, @as with a high Na/Ca ratio are the possible discharge areas, whereas those

with a low ratio can be considered as recharge areas.

The molar ratio of dissolved ionic species and their relationship with TDS also helps to
trace the origin of solutes as wal the environment and major processes that generate the

observed composition of groundwater (Hem, 1989). Along the groundwater flow paths, the

78



concentration of, Na+ and K+ increases with increasing TDS. From samples analyzed on
the study area TDS and N&/Ca+Mg ratio have &orrelation factor 0.48 (fig 39 Low
Na+K/Ca+Mg ratio has been found on springs and boreholes found at Gerado catchment in
Gerado well field. Those samples also have a low TDS from 189 up to 365 mg/l. the high
amount of Ca and Mg fathose areas might be due to dissolution reactions from silicate
weathering in volcanic aquifers. High ratio of Na+K/Ca+Mg with a relatively increasing
TDS (>500 mg/l) value obtained from Boreholes found in Dessie town which is found at
the foot of Tossaidge dividing the surface drainage of Borkena and Gerado. Water from
Kombolcha town also has a high ratio of Na+k/Ca+Mg (3vith an increasing TDS. This
might suggest there is a trough flow of groundwater from Gerado to the Borkena
Catchment.
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Other ionic ratio which have been used for the tracers are Na+K against SO4. -Tibg log
plot of Na+K versus SO4 shows good correlation. Accordingly th@oncentrations of
Na', CI, and SO4  in theareas of discharge of those-N&£O3 type is relativig high than
an areas which have been considered as a rechargéfiayeti.
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Figure 40. Log Log plot of SO4 versus Na+K

5.5 Inverse Geochemical Modeling

The mass balance concept is a means of keeping track of reacting phases that transfer mass
during water flow. Inverse mass balance models are one of the geochemical mass balancing
techniques which are useful tools in constraining flow paths where a rbbsmed of

mineral dissolution or precipitation reactions must be found. However, such models do not
establish flow paths, but they can infer that such paths are reasonable. Instead, they can rule
out certain paths if there is no sensible evolutionary foatthe solutes (Nelson and Mayo,

2014)

Inverse geochemical modeling was done using PHREEQC model. The program calculates
all the possible mass balance models that can create the final solution from the initial
solution and all conceivable combinatiorfsavailable reactants. This is particularly useful

when modeling a weltonstrained system such as a column experiment where the initial
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and final solution chemistry is well known and the solid phase can be well characterized

(Parkhurst and Appelo, 1999).

The flow paths were chosen based on the pattern of variation of the hydrochemical facies,

the physiographic location of the sample in the basin and the hydraulic head variation

within the flow system. In the modeling, it is presumed that groundwater flowswest

to East which

is from Gerado Catchment to the Borkena Catchment since the

hydrochemical evolution shows indications. Finally, the flow path is selected from north to

south which is considered as a general flow within a Borkena catchment. Tétieetdi

flow paths have been selected from topographically biglas(Fig41). All initial input of

groundwater for all three paths considered in the inverse geochemical modeMig- Ca

HCO3 type waters. Initial (I) and final (F) water types and there sporaling hydro

chemical parameter for all three flow paths P) are shown in table (9).

Table 9 chemical parameters for the selected flow paths

model ID pH | EC | Na K Ca Mg | CI SO4 | HCO3 | F TDS | Water Type
P1 DBH-36 | 7.8 |419|20.3 | 2.74 | 528 | 11.2 |78 | 553 |248.8 | 0.1 | 354.0 | CaMg-HCO3
F DBH-52 | 8.2 | 676 |62.7 | 1.27 | 444 | 10.7 | 9.5 | 6.6 366 0.2 | 502.2 | NaCaHCO3
P2 DCSR7 |7.6 |315|12.1 | 405|273 |13.8 |36 |6.7 176.9 | 0.1 | 253.9 | CaMg-HCO3
F BH-8 7.8 | 731 |94 1.65 | 585 | 256 |30.3 | 5.1 4196 |04 637.7 | Na-CaHCO3
P3 DBH-13 | 7.4 | 344 |21.8 | 0.64 | 38 12.7 |56 |10.3 |190.3 | 0.1 | 293.0 | CaMg-Na-HCO3
F DBH-72 | 7.7 | 562 | 66.2 | 1.34 | 47.2 | 11.5 | 13.6 | 12.6 | 3416 |O0.1 496.0 | Na-Ca-HCO3
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Figure 41. selected flow paths for inverse geochemical model

Mineral phase have been selected based on the geology of the study area and the
predominant rock water reactions. Most of the area which is characterized by complex

volcaniclithology, rocks such as basalt comprise considerable amounts of alsitreate
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mineralsplagioclase, Kieldspar pyroxere andamphiboles These minerals are therefore
thermodynamically unstable and dissolve or weather to clays and oxides when in contact
with water(Freeze and Cherry,1979)

In chemically weatheredolcanic rocksthermodynamic consideratiortictates thathe
feldspar minerals are altered to clays minerals (kaolinite, montmorillonite and illite) and
Al- and Fe oxides (gibbsite, goethitend hematite) are formd&reeze and Cherry, 1979)
Calcite minerals might befound as cavity fillings in volcanic rocks as a result of
precipitation during plagioclase and pyroxene weathetikgwise anhydrite and gypsum
couldalsooccur and fill amygadloidalcavities of volcanic rocks.

Flow path 1
Reactant Phase mole transfers
Kaolinite  AI2Si205 (OH) 4 1.848e+001
CO2(g) CO2 -1.848e+001
Calcite CaCO3 1.848e+001
Albite NaAISi308 6.696e005
K-feldspar KAISi308 -4.670e004
CaxX2 Cax2 -3.564e004
Anorthite  CaAl2Si208 -1.848e+001
llite K0.6Mg0.25Al12.3Si3.5010 (OH) 2 8.212e004
NaX NaX 7.129e004

Inverse geochemical modeling was conducted from the borehole found at the Gerado well
field to the Kombolcha town water supply borehole as the conceptual model thtevevss

a flow between those twoatchmentsThe result of the model shows the dominagatation
happened on this flow path is likely to be cation exchamigieh Na is Exchangingca and
dissolution ofsilicate mineralsK- feldspar andlagioclaseand gaseous COZalcite and

some clay minerals like illiteand Kaolinite precipitated.

The genaeal reaction equation for the flowpath one is:

(CaMg-HCO3 water)+plageoclaser CO2+ K-F e | d s p a€CaHCO3Iwviex) +Calcite

+lllite +Clay
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Flow path 2

Reactants Phase mole transfers
Kaolinite AI2Si205(0H)4 1.309e002
CaMontmorillonite Ca0.165Al12.33Si3.67010(0OH)2 -1.004e002
Calcite CaCO3 5.962e003
Albite NaAlSi308 6.400e003
K-feldspar KAISi308 -1.581e004
Anorthite CaAl2Si208 -4.517e003

The second path was conducted from the Highland area spring found near ta®uthst

low land area of Borkena plain to the Harbu. The geochemical modeling along the flow
path shows the dissolution of feldspar and primary alursiliate mineral which results

in feldspar and the formation afsecondary clay minerke kaolinite

(CaMg-HCO3 water) + CaMontmorillonte+ Anort hit e +KCaliGOBdspar

Water) + calcite + Kaolinite

Flow path 3
Reactants Phase mole transfers
Kaolinite Al2Si205(0OH)4 2.775e+001
CaMontmorillon Ca0.165A12.33Si3.67010(0H)2 -1.397e003
CO2(g) CO2 -2.775e+001
Calcite CaCO3 2.776e+001
Albite NaAISi308 1.056e003
K-feldspar KAISi308 -1.101e003
Anorthite CaAl2Si208 -2.775e+001
llite K0.6Mg0.25Al12.3Si3.5010(0H)2 1.892e003

This flow model was conducted along a flow patim Alsha plain through Dessie area to
Kobmolcha. Selected initial water for the modeling shows a significant mixing of waters.
The modelshows that the dissolution of pdagioclases, Keldspars and COZ here also
precipitation of calcite, lllite and clay minerals. Those #@me major chemicaprocesses

moreor lessresponsible to thebserved natural groundwater chemistry in the study area.
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5.6 Isotope hydrology

Isotopes are forms of a particular element that have the same atomic number but different
atomic weights due to varying numbers of neutrons in the nucleus. Stable isotopes are not
involved with any natural radioactive decay procdashydrological studigsthe stable
isotopes of interestommonlyrelate to H, C, N and Qritbarek, 2009)

Oxygenhas three stable isotope&), 'O, and*®0; and hydrogen has two stable isotopes

'H and®H. The basic hydrological processes that affect the distribution oé tisesopes
through the hydrological cycle consist of Evaporation, Condensation, Re evaporation from
soils and surface waters, which enriches the residual water in both isotopes and Mixing
during recharge and groundwater flow.

The isotopic composition of wer is expressed in comparison to the isotopic composition
of ocean water. For this purpose an internationally agreed upon sample of ocean water has
been selected, called Standard Mean Ocean Water (SMOk&lig, 1961) The isotopic

composition of water isxpressed in per mil % deviations from the SMOW standatte

deviations aiHe for wthei tdewerium & ando f& *°0.
VR — : T *1000
Y — . — )*1000

Definite universal rules can be predictable for the distributiothe$e isotopes in ground
water. If the isotope content does not change within the aquifer, it will reveal the source of
the groundwater. If the isotopic content changes along groundwater paths, it will reveal the

history of the water.

Evaporation increases the isotope concentratioifevitanspiration does not affect or ktl
affect isotopeconcentration. Tracinggroundwater by means of environmental isotopes
offers unique and supplementary information on the source and flow of groundwater and its

dissolved constituents, as well as allows a quantitative evaluation of niliRigg,2000).
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5.7 Local Meteoric Water Line (LMWL)

The isotope value of precipitation is controlled by, isotope value of source, rate of
evaporation of source, isotopic evolution of air mass, relativenidity during
precipitation.

The meteoric line isnappropriate reference line for the urgtanding and tracing of local
groundwater origins and movemenise composition of precipitation is reflected from
composition of groundwatefThe resemblance or departure from of groundwater from
precipitation will be interpreted in terms of hydrologipabcesses such as recharge source,

recharge mechanism, evaporation, mixing between different waters and isotope exchange.

Apart from global meteoric water line (GMWL) it is common to plot groundwater samples
against Local meteoric line©n this study loal meteoricwater line is established from
datdbaseof global network for isotopes in precipitatio@IP) for Kombolcha,Welediand
Dessie Despite the data lacks tempovakiation,i t h a s %@ v a AHdcgnposiion
0.26% and 15.5%respectively.The precipitation othe area is plotted in a scatter plot of
deuterium and 1®xygen The points fitted with best fit has given a regressioefficient

of R°=0.96.
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Figure 42. Local meteoric water line
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The local meteoric water line placed abovglabal meteoric water line aneiventually
cros®d each other at aertain point. This is because of differences in the origin of water
vapor and rainout along the trajectory from the source. The main sourcasisbfire in
Ethiopia arethe monsoon from Agéintic and Indian OceanHigh sea surface temperature
over north Indian Ocean favors the formation of enriched vapor coming to Et{sfa
Kebede, 2013)

The v afHu ea MtOfis daries spatially on the study area. This might be occurred
because of altitude effect. Isotopic content of rains is depleted withtitude; thisis
attributed to thedeclinein temperature withaltitude which drives rainout and distillation

of isatopes during orographic precipitation

MeaiOdand®’H values have been calculated®from the
varies from 0.0§Weledi),0.68%. ( Ko mb o | Oc.h0a4 @e&asie)dn the other hand
an averag®’H valuesbecome 13.18Weled), 14.5% Kombolchda n d 1 §Dessid)%o

5.8 Deuterium and Oxygenl18 of Ground water

Groundwaters generally reflect the isotopic signature of precipitatiothénzone of
recharge, althoughindividual reservoirs may acquire signatures reflecting their mean
residence time and seasonal timing of inpatsmodified by mixing between other sources,
such as river water or artificial rechar¢g@ibson, et.al, 2005)The changes in isotopic

composition are mainly the result of the recharge process

31 Isotopesampleshave beenobtained from secondary source which was analyzed in
Addis Ababa University Isotope Laboratoiijhe spatial distribution of samples showed
figure 35. Oxygen (18)and deuteriumfor spring of bothcatchmentshave rangesfrom -
4.73 to-1.44and-16.85 to 3.86 respectivelyhe average isotope value has bece2i@55
and-6.42for oxygen and deuterium respectivelycally enriched values have been found

in springsfrom the escarpment
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Figure 43. Environmental isotope data distribution map

Some of the springs lies on the LMWL line while most of springs deviate from the line.
The possible reason for the depleted isotsigaatures for most of the springs doses
water by direct evaporation and by means of water uptake by the roots and transpiration

Evaporation from the unsaturated zone and ultimately from the water table can also occur.
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However he loss of water by transpiration, in contrast to evaporatioas not fractionate
%0 and D(Clark, 2015).
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In arid regions, groundwater recharge is largelgiined toward the large precipitation
events. As light rains contribute little to the weighted mean of precipitation, the isotopic
composition of groundwater is well represented by the weighted mean annual or long term
weighted value for precipitatiofClark, 2aL5). However,most ofthe groundwateisamples

from GeradoandBorkenacatchment$ave depleteisotopic signaturef *0 and Dfrom -

2.28 t0-6.83 and-2.5 to-7.8respectively

The regular trend in the isotopic signature of bzatthmentsuggests a similarity origin
ofthegroundwatersThe groundwaters in the B&@anena catct
0D contents and show similar values to that
west, this may indicate the main source of regbdo both catchments is same.

When goundwater ad rainwater data are compared, depletateroccurs in the recharge

process. This might becausetbé amountof rainfall, with recharge occurring preferably
from more intense raing\n average precipitan recorded for the summer time is 323.4
mm and351.6mm for July and August respectively.

The higher eexcess is related to significant evaporation of local surface waters under low
humidity, and the vapour mass mixes with atmospheric reservoinea@omdense¢Clark,
2015). The dexcess value in most of groundwater from both the catchment isDew.
excessvalues morghanmean valudor the global water lind 0%, indicate evaporation.
There is only one borehole encountered with theextess morehtin 10%, which is
believed to be exposed to the evaporatibnis Borehole is found at the Hara Wobelo

Locality in the Gerado Plain.
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6 Conclusion and recommendation

6.1 Conclusion

V The study area is found around Dessie Area which the capital of South Wudlo.
area approximatelpounded to 102 4 0" “°30p DO " PH " A@hduPp9to
39°5 4 Otfs tlongated in the NNW to SSE direction with a total length about
118 km ad the maximum width not more than 41 km EW&st direction. The
study area consists of two river catchments which are Gerado and Borkena river
catchments. Those rivers belonguaperBlue Nile and Lower Awash River basins.

V The main objective of the study i® understand the groundwater transfer and
hydrodynamic system between Gerado and Borkena River. To achieve this
objective combining evidences from conventiohgtiro geologicalinvestigation,
geological and structural inviEgations, water chemistry and environmental isotope
hydrology were usk

V The study area comprises two litetratigraphic units. These areCenozoic and
guaternary volcanic rocks and alluvial deposits. Volcanic rocks are highly dissected
by NNE-SSW, NESW, EW trending faults. Numbers of intermount@irabenare
formed elongated in nordouth and NWSE directions. The volcanic rocks form
the mountains, escarpments and rugged terrain which act as recharge area for those
intermoungin valleys. Theinternountain Graben isdominantly composed of
poorly compacted quaternary basin fil!]l de
considered to be local tectonic development forming an intermountain channels.
Those alluvial deposits have different permeabilipirthe volcanic rocks.

V From the structural observations the groundwater flow on the study area controlled
by the faults which are SW to NW and WNWending and dipping to the northeast
create the pattern for groundwater flow from the western escarpowatds the
northeast. Lineaments which are related either to fractures and joints are common in
the mapped area. They are\to NE, NW and BN striking with the NS and NE
lineaments is predominating. Those lineaments are transected byWhstiiking
lineaments. These lineaments also have a favorable condition for groundwater flow

across surface water divide.
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V A recharge was calculated using two methods which are chloride mass balance and
Base flow separation. Based on the two methods an average atemigeetas
becomel74.4 mm/year for Gerado catchment and 106.2 mm/year for Borkena
catchment.

V Spring patterns suggest there is an Hbi@sin groundwater flow between the
catchment. The springs have preferential alignment in emerging with a considerable
discharge which support intdrasin groundwater flow.

V Based on the dominant cation and anions waters in the study area classified in to 5
different hydro chemical facies which are CaHCO3, CaMg- HCO3, CaNa
HCO3, NaCaHCO3 and NaHCO3. Water groups repsented by GiMg-HCO3
are associated with the shallow systems. Those types of waters are localized in the
highland basic volcanic areas. -G8a HCO3 which are more mineralized and
evolved types of water with the TDS ranging from 3908 mg/I. this water e is
found in relatively deep wells found at the Gerado graben and some of Bore holes
found at the foot of eastern block of Borkena grabenCi&lCO3 groups are
represented by intermediate groundwater evolution which relatively long travel
distance fronthe recharge source and more residence time. These types of water
are found atkombolchaarea along the fault line of Dessikluti kolo- Bati.Na
HCO3 type waters were obtained from wells and thermal fault springs. The group
has range of TDS values from 2®B88 mg/I.

V From inverse Geochemical modeling results the dominant reaction happened on this
flow path is likely to be cation exchange, dissolution of silicate minerals,
precipitation of calcite and lllite and clay minerals. As two floathswere crossing
the surface water divide between Gerado and Borkena catchments there is a
reasonable evolutionary path for the solutes.

V Environmental Isotope evidences shamost of groundwater from Gerado and
Borkena catchments has a highly depleted isotopic signatdf©aind D from-

2.28 t0-6.83 and-2.5 to -7.8 respectively.The regular trend in the isotopic
signature of both catchments suggests a similarity in origin of the groundwaters.

The groundwaters in the Borkena catchments
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and show similar values to that of the groundwaters fronGii@ado in the west,
this may indicate the main source of recharge to both catchments is same

6.2 Recommendation

This work has limitations with regard to the spatial and temp@iatribution of
hydrogeological, hydro chemicaland especially ansotope data.This problem is
considerate in Gerado catchment since the watitsare limited to some springs and few
boreholes located in the Gerado well fieldlo better understand and increase the
knowledge on the hydrogeologiclramework of a complex system. pmpriateuse of
currentdataandgeneratinghew datas vital.

The following points are forwarded as useful remarks for the future works.

V Spatial and temporal coverage Sdirface water, groundwater and rainfddita are
very limited.

V Data monitoring is ot yet started to be implemented in the area boreholes. It is
essential in both resource management andhtwacterizeéemporal variation of
hydro chemicaand hydrogeological parameters.

V The boreholes in the study area lack full information about therkisf the wells.

Drilling companies should have a proper data management system.
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APPENDICES 1 Hydro meteorological data

1. Mean monthly and annual precipitation (mm) at selected stations

Year X Y V4 Station Jan | Feb | Mar | Apr May | Jun | Jul Aug | Sep | Oct | Nov | Dec | Annual
2007

2017 577980 1195287| 2428 | Albuko 16.5| 45.6| 56.4| 110.5] 123.8| 59.3| 404.0| 475.7| 143.0( 60.4| 52.5| 25.8| 1573.6
1995

2018 550825 1256357| 2720| Borumeda | 17.5]| 24.8| 66.6| 94.4 | 55.9 | 34.9| 337.5| 351.9| 127.2| 51.8| 18.8| 27.4| 1208.6
2002

2016 583672 1214036( 1400| Cheffa 21.3]122.2| 71.8| 94.1 | 58.3 | 24.3] 261.2| 298.6| 90.3 | 29.4| 20.5] 21.3| 1013.3
2000

2018 | 554769| 1206152| 3431 | Guguftu 20.1| 26.2| 65.0| 78.6 | 70.6 | 75.2| 427.6| 432.0| 113.0| 34.9| 18.3| 13.4| 1375.0
200k

2018 | 585906| 1207412| 1507 | Harbu 15.2]1 22.41 87.8| 96.4 | 40.9 [ 32.0| 259.8| 293.9| 98.8 | 19.3| 19.4| 28.2| 1014.1
1986

2003 | 591029| 1184568 1450 | Kemise 26.2| 36.1| 62.5| 101.3| 61.1 | 28.0| 257.5| 288.3| 120.5| 51.3| 22.8| 15.4| 1071.0
1986

2018 | 578284| 1225144| 1857 | Combolcha| 22.7| 24.2] 62.8| 94.9 | 56.9 | 33.2| 281.1| 264.8| 106.3| 44.9| 19.4| 16.5| 1027.6
1986 Dessie

2006 | 569065| 1229115| 2553 | Zuriya 25.7| 35.7| 77.9( 91.9 | 70.1 | 39.3| 322.9| 339.6| 160.8| 54.5( 24.2| 21.7 | 1264.4
2002

2018 | 559087| 1211355| 3302 Tebasit 18.0| 18.6 49.5| 66.8 | 77.5 | 65.6| 394.7| 436.7| 129.5]| 32.7| 20.7| 8.9 | 1319.1
2002

2018 | 573179| 1234191| 2465| Tita 20.7| 28.6 75.3| 91.6 | 78.6 | 36.6| 287.4| 334.8]| 96.2 | 50.3| 25.1| 12.9] 1138.2
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2. Average dailySunshine hours

Year X Y V4 Station Jan Feb Mar | Apr | May | Jun Jul | Aug | Sep| Oct | Nov | Dec

2000

2009 578284 | 1225144 1857 | Combolcha 8.1 9 83 |83 |86 |75 63|64 [(69]82 |88 8.4

2003

2013 583672| 1214036( 1400 | Cheffa 7.5 8.5 81 (81 |89 |72 6.1(6.6 [7.2]85 |8.8 8.3

2003 Amba

2012 522833| 1237894 2990 | Mariyam 9 9.2 85 (83 |89 |71 54 (6.2 [7.71]195 |93 9.3

3. Relative humidity in (%)

Year X Y Z Station Jan Feb | Mar | Apr May | Jun | Jul Aug | Sep | Oct Nov | Dec

2013

2016 578284 1225144( 1857 | Cheffa 62.3 55.72| 55.6 | 57.21| 56.1 | 42.6( 58.2 | 71.2 | 68.8 | 61.3 | 59.3 | 57.9

2012

2016 583672 1214036 1400| Combolcha| 62.81 | 55.6 | 55.4 | 59.6 | 54.76| 44.3| 57.4 | 67.8 | 64.5 | 60.1 | 61.3 | 60

2010 Amba

2016 522833| 1237894 2990 | Mariyam 53.9 49.1 | 54.7|57.7 | 59.4 | 53 75.1 1812 | 70.1 [ 61.8 | 59.7 | 55.4

4. Maximun and minimum average temperatures in {C)

Year | X Y Z Stations | T€MPrature| jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec

2008 Min 71 182 |95 |11.0f119]| 12.2| 12.1| 116 |109| 86 | 7.6 6.9

2018 579573 1250149 Mariye Max 20.8 1 22.8| 24.2| 24.7| 25.4| 26.7| 24.4| 23.0 | 23.3| 22.6( 21.4 | 20.5
Amba Min 18.0( 17.7| 17.4| 17.3| 16.6 | 16.4| 15.7| 17.3 | 17.1| 15.6| 14.5 | 13.7
Mariyam Max

2008

2018 522833 1237894 2990 20.0] 21.3| 21.7| 21.5( 21.3| 21.5| 18.4| 175 | 185 18.9( 19.2 | 19.4

2008 Min 18.6( 18.6| 18.4| 18.3| 17.6 | 17.4| 16.4| 17.4 | 17.4] 16.4| 15.7 | 15.1

2018 573179 1234191 2465| Tita Max 20.1] 21.4| 22.3| 22.9( 23.8| 25.7| 24.1| 225 | 22.7| 21.6 20.8 | 19.9
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2008 Min 182 185[ 187 187[ 185[ 186] 17.6| 18.2 [ 183 17.3[ 16.5 | 15.9
2018 | 578284| 1225144| 1857 | Combolcha| Max 255| 27.1| 28.2] 28.6| 29.3[ 30.7| 28.8] 275 | 27.3[ 26.6| 25.8 | 25.2
2008 Min 185 19.1] 19.4| 196 195 199 186 19.4 | 19.4| 185| 17.7 | 17.1
2018 | 585906 1207412| 1507 | Harbu Max 28.2| 285|30.4] 30.2| 31.2[ 31.7[30.7| 29.3 [ 28.6 [ 27.9[ 27.6 | 27.3
2006 Max 209[ 21.5] 22.1] 221 22.2[ 227 21.3] 211 [21.2[ 20.3[ 19.7 [ 19.2
2013 | 554769 1206152| 3431 | Guguftu [ Min 156 15.7| 15.6| 156 15.7| 15.8| 15.1| 15.4 | 15.2 | 15.2| 15.4 | 15.4
2008 Min 20.7| 21.3| 21.9] 22.0[ 222 22.8[ 21.6 | 21.3 | 21.3[ 205| 19.9 | 19.4
2016 | 583672 1214036( 1400| Cheffa Max 27.9|29.9| 31.4| 31.6( 33.0( 35.0| 32.5| 29.9 [ 30.0| 29.7| 29.2 | 28.0
APPENDICES 2 hydro geological data
Static
water Dynamic Transm Condu
Altit level Well water Discharce| issivity ctivity
X Y ude(m)| (m) Well_field | depth(m)| Level(m) | (L/S) (m2/day m/day Aquifer type
alluvial depos
582837 | 1207610| 1500 | 5.04 | Harbu 268 86.21 20 20.5 0.22 its (sand and gravel)
alluvial deposi
587540 | 1182638| 1450 | 8.32 | Mekoye 252 11.59 60 1690 20.2 ts (sand and gravel)
Kemissie alluvial deposits (sang

590050 | 1185850| 1423 | O gerbi 260 28.25 66 316 4.07 and gravel)

565035 1226086| 2229 | O Gerado 62.5 19.93 35 246 12.3 alluvial deposits

566864 | 1226390| 2226 | O 123 23.35 22.51 56.4 1.34 alluvial deposits

564424 | 1226780| 2223 | O 1155 18.4 15 25.8 0.677 | alluvial deposits

565035 | 1225946| 2229 | O 120 16.2 39.9 118 2.4 alluvial deposits

564073 | 1227366| 2220 | O 80.87 | 27.87 16.5 21.1 0.571 | alluvial deposits

569303 | 1224795| 2257 | 0 Kelina 109 40.32 35 65.7 1.43 alluvial deposits

569755 | 1194212| 2475 | 4.76 | Degaga 121 21.66 13.4 142.2 3.93 basalt

578537 | 1226089| 1850 | 0 Kombolcha | 112 15.86 14.3 81.42 1.69 alluvial deposits

578231 | 1226297| 1852 | 0 97.5 12.23 14.3 135 2.64 alluvial deposits

579350 | 1226465| 1840 | O 1107 | 7.16 14.4 201 3.9 alluvial deposits

579379 | 1226203| 1830 | O 140 25.69 51 216 5.18 alluvial deposits
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578913 | 1226081| 1837 | 2.3 144 19.28 30 149 3.14 alluvial deposits
584805 | 1208278 1485 |0 Harbu 146 56.67 | 26 405 1.12 alluvial deposits
584465 | 1208654| 1485 | O 121 53.63 27 81.4 2.01 alluvial deposits
alluvial deposite ang
596618 1186473| 1480 | 7.91 | Kemissie | 147.6 69.08 5 4.89 0.068 | rhyolite
alluvial deposite ang
595618 | 1186264| 1455 | 6.25 1495 | 38.35 13.5 49 0.742 | rhyolite
569164 | 1239609| 2609 | 41.05| Hoteh 133 42.16 | 6.8 744 18.1 Fractured Basalt
alluvial deposits ang
595092 | 1185850| 1444 | 8.1 | Kemisse | 150 83.28 10.35 71.12 1.07 weathered rhyolite
alluvial deposits ang
Highly to completely
weathered ang
fractured rhyolitic
595618 | 1186473| 1480 | 6.81 | Kemisse | 147.6 69.08 5 4.62 0.07 basalt
alluvial deposits and
Highly fractured and
weathered rhyolitic|
595618 | 1186264| 1480 | 6.25 | Kemisse | 150 38.35 13.5 35.16 0.53 basalt
alluvial deposits ang
Highly fractured and
moderately weathere
595373 | 1186685| 1463 | 6.33 | Kemisse | 146 18.49 6.5 44.64 0.62 rhyolite
Highly fructured and
597030 1184800( 1481 | 9.25 | Kemisse 145 23.27 19 130.2 1.97 weathered rhyolite
alluvial deposits ang
Moderately fractured
and weathere(
590842 | 1185334| 1415 |0 Kemisse | 260 0 0 trachyte
579345 1226470| 1836 | O Dewey 110 0 25 333.5/86.4 | O alluvial deposits
578542 1226092| 1840 | O Sheshaber | 112 40 20.5 88.4/101 0 alluvial deposits
578233 1226301| 1844 | O Sheshaber | 97 41 18.7 207.4/173.8/ 0 alluvial deposits
alluvial deposits ang
Highly fractured &
579376 | 1226205| 1835 | 1.66 140 24.03 125.14 2.98 weathered basalt
578936 | 1226045| 1843 | 2.3 144 14.68 125.71 2.67 alluvial deposits
578718 | 1226240| 1859 | 0 Sheshaber | 112.5 15.86 14.3 81.4 2.01 alluvial deposits
578528 | 1226346| 1850 | O Sheshaber | 105 12.3 14.3 135 2.61 alluvial deposits
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579565 | 1226611| 1848 | 0 Dewey 110.7 7.16 14.4 201 3.89 alluvial deposits

579066 | 1226301| 1838 | 6.96 | Dewey 1525 | 80.4 43 64.92 6.29 Alluvial

578915 | 1226614| 1850 | O Dewey 258 78.8 63 552 7.27 Alluvial

APPENDICES 3 hydrochemistry data
EC,

ID Na+ | K+ | Ca2+ | Mg2+ | HCO3 | CI- F- | S024 | NO-3|Br- | pH | puS/Cm| X Y z
DBH-13 | 21.8 | 0.64 | 38 12.7 | 19032 [ 567 | 0.1 | 10.3 | 13.29| 0.2 | 7.46| 344 | 566927| 1238698 2609
DCSR7 | 12.1 |4.05 | 273 | 138 | 1769 |362 |019]6.7 886 | 0.37| 7.6 | 315 | 560001| 1215214] 2933
DCSR8 | 215 |1.27 | 73.8 | 147 | 30012 | 12.83 | 0.11| 11.2 | 23.92| 052 7.31| 577 | 552397 1223421| 2578
DCSR9 | 10.1 |2.23 | 399 | 104 | 18422 [539 | 012|094 6.64 | 0.27] 6.88| 524 | 559655| 1246384| 2743
CSP11 168 | 143 | 493 | 12.8 | 22448 | 489 | 0.28|17.3 | 12.85| 0.29] 6.69| 417 | 549444 1254991| 2059
DRW-1 15 126 | 283 |83 |1708 |815 |02 |81 0.1 |0.03[819] 261 | 554001 1222972| 2407
DBH-69 | 575 |0.73 | 445 |97 | 2326 |12.7 |026] 11 01 |0 |78 |514 | 578230 1224874] 1831
DBH-70 | 659 |044 | 116 | 1.7 | 1525 | 1098 |035|55 01 |0 |814|330 |578543| 1224851 1852
DBH-71 | 67 037 |98 0.8 | 1556 |525 |0.36]5.2 0.1 |0 |824|310 |578675| 1224673| 1846
DBH-72 | 66.25 | 1.34 | 47.2 | 115 | 3416 | 1361 | 0.1 |12.6 |1.77 |0 | 7.79|562 | 577191| 1225245| 1863
DRW-11 | 46.6 |9.17 | 742 | 205 | 305 56.72 | 0.33| 16.15 | 20.37| 0 | 7.35| 757 | 570025| 1228657| 2368
DRW-12 | 44.99 | 7.76 | 69.9 | 17.9 | 2928 |351 |05 |12.74 |532 |0 | 7.55| 655 | 568928| 1230048| 2453
DRW-13 | 1565 |2.38 | 423 | 15 2318 |588 |031[392 |01 |0 |7.67]391 |567009| 1238290| 2597
DCSR30 | 149 |0.85 | 60.9 | 18 309.88 | 6.09 | 0.15 7.9 6.2 |032|7.9 | 496 | 582728 1231280| 2257
DCSP_37 | 19.1 | 1.41 | 448 | 115 | 2135 |4.96 |0.17]8.4 11.52[ 0.3 | 8.06| 367 | 569287 1232031| 2514
DCSP 38 | 86 | 049 | 382 |81 |1952 |3.19 |019]54 221 | 022|781 309 | 568084 1229960| 2584
DCSP_40 | 23.6 | 0.74 | 65.7 | 20.5 | 3232 | 10.14 | 0.24| 11.8 | 62.46| 0.37| 7.49| 555 | 583910| 1220692| 2157
DDW-9 | 5.9 199 (263 |9 100.04 | 9.78 | 0.28] 24.79 | 7.97 | 0.35| 7.14| 270 | 564333| 1256732 2342
DBH-35 | 30.2 |3.25 | 339 |57 |2074 |496 | 024|456 |222 |0.16|8.05| 333 | 564670| 1225399| 2235
DBH-36 | 20.3 | 2.74 | 52.8 | 11.2 | 248388 | 7.8 0.18] 553 | 4.43 | 0.17| 7.82| 419 | 564708| 1225536 2233
DBH-37 | 19.7 | 1.42 | 48 10 244 624 |02 [591 |4.87 |0.19] 7.78| 417 | 564494| 1225842| 2230
DBH-38 | 264 |1.12 | 351 | 7.1 |207.4 |6.03 |021]7.16 |01 |064|8.09| 418 | 564050| 1226264 2222
DBH-39 | 375 |1.11 |26 42 | 19276 | 596 | 0.3 |4.09 |01 |047|824|341 | 563411 1226816| 2219
DBH-40 | 325 |1.95 | 745 | 18.6 | 305 3474 |02 |19.78 | 18.16| 1.1 | 7.84| 316 | 568979| 1230036| 2461
DBH-41 | 225 |1.68 | 623 | 156 | 27572 | 11.7 | 0.18| 13.93 | 5.76 | 0.46| 7.82| 659 | 569224| 1231526| 2490
DBH-42 | 261 |897 | 409 |89 |1952 |6.95 | 021|842 |443 |031|7.7 | 478 | 568760| 1231553| 2495
DBH-49 | 61 1.84 634 |17.2 | 3782 |156 |03 |1959 | 089 | 1.3 | 7.62| 484 | 579283| 1225622| 1832
DBH-50 | 58.1 | 1.37 | 409 |11.4 | 305 993 | 025|28.76 | 222 |069]8.26| 666 | 579015| 1225653| 1837
DBH-51 | 359 | 146 | 603 |21.7 | 4392 |7.8 0.26] 6.38 | 1.77 | 0.48] 8.04| 559 | 578907| 1227572 1860
DBH-52 | 62.7 | 1.27 | 444 | 10.7 | 366 95 029]6.68 |01 |053]827|676 |579154| 1226670| 1843
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DBH-53 57 158 | 79.1 23.6 | 397.72 | 12.05 | 0.33| 18.62 | 4.43 | 0.57| 8.35| 574 578982| 1225920| 1836
DBH-54 53.1 2.13 | 56.6 145 | 3416 12.62 | 0.27| 13,53 | 3.1 0.5 | 8.15]| 723 577860| 1225749| 1848
DBH-55 58.1 1.69 | 68.3 195 | 34282 | 12.76 | 0.31| 16.11 | 4.43 | 0.47| 8.34| 561 578170| 1225540| 1860
SBH-3 16.25 | 6.47 | 55.8 10.25 | 161 20.21 | 0.33| 25.08 | 15.58| 0.45| 6.64 | 369 600805| 1170977| 1445
SBH4 91.8 6.87 | 167.2 | 24.7 | 411.14 | 163.07| 0.48| 27.95 | 21.26| 4.48| 6.96| 1394 | 599749| 1171529| 1415
SBH5 59.7 21.38| 1324 | 25.4 | 247 100.68| 0.64| 111.85 | 62.02 | 2.52| 6.93 | 898 590812 | 1187759| 1447
SBH-6 41.9 3.58 | 150.8 | 41.5 | 356 90.18 | 0.33| 101.39 | 86.39 | 1.46| 7.23 | 1050 | 586670| 1188168| 1444
SBH9 24.5 9.27 | 35 7.5 176.9 1446 | 0.4 | 17.64 | 16.83| 0.52| 6.73| 340 591099| 1190335| 1443
SBH-10 45 234 | 775 25.1 | 406.26 | 34.67 | 0.35| 20.02 | 15,5 | 0.85| 7.35| 706 589035| 1200408| 1486
BH-2 32.9 1.81 | 109.45| 40.5 | 477 10.35 | 0.27| 12.77 | 20.38| 0.96| 7.74| 787 586839 | 1182109| 1467
BH-4 64.25 | 0.72 | 0.3 1.75 | 11712 | 11.06 | 1.1 | 6.64 0.89 | 0.56| 89 | 272 592875| 1184375| 1425
BH-5 60.6 7.44 | 99.9 20.7 | 452.62 | 22.76 | 0.51| 27.57 | 0.44 | 0.45| 7.48| 678 595679 | 1186467| 1466
BH-6 37 11.41)| 1018 | 18.2 | 429.44 | 18.72 | 0.47| 16.21 | 12.4 | 0.73| 7.76| 641 594267 | 1185353| 1439
BH-7 153.5 | 8.58 | 25.8 6 389.18 | 32 1.21| 50.6 443 | 1.06| 7.82| 720 591221| 1193425| 1463
BH-8 94 1.65 | 58.5 25.6 | 419.68 | 30.34 | 04 | 5.1 135 |11 | 7.89| 731 585349 | 1206825| 1484
BH-9 0.2 2.2 55.3 19.7 | 366 65.58 | 0.41|31.22 | 10.63| 1.81| 7.75| 784 584559 | 1208864

BH-10 98.7 1.83 | 22.1 7.2 270.84 | 28.43 | 0.4 | 3516 |31 1.33| 8.04| 515 584897 | 1208484| 1489
HSP1 2318 | 4.26 | 16.5 1.8 265 48.35 | 12.7| 192 0.44 | 1.45| 8.1 | 1025 | 601554 1175482| 1417
HSR2 2673 | 282 | 11 1.6 464.82 | 32.05 | 2.57| 1559 | 0.1 0 8.02| 1102 | 588396| 1208522| 1565
CSR1 11.22 | 0.91 | 22.36 | 7.24 | 107 0.57 0.5 | 1459 | 0.44 | 0.26| 8.29| 188 585556 | 1174709| 1722
CSR3 17.6 0.8 57.3 16.4 | 269.62 | 1.91 0.31| 6.6 3.5 0 7.69| 433 588396| 1183662| 1991
CSPR4 79.7 2.08 | 453 21.6 | 314.76 | 37.65 | 0.35| 35.2 186 | O 7.77| 330 588855| 1202670| 1473
SBH-7 40 6.49 | 26.05 | 11.4 | 226 15.03 | 0.64| 19.58 | 13.29| 0.86| 7.02 | 506 601405| 1168458| 1456
SBH-8 47.75 | 7.39 | 21.85 | 185 | 262.23 | 10 0.45| 16.86 | 0.89 | 0.54| 7.49| 426 603913| 1165181 1458
SBH-2 39.1 8.04 | 59.2 30.6 | 363 7.23 1.09| 9.77 0.4 0.44| 7.33| 561 601032 | 1165645| 1449
BH-1 33 9.87 | 49.05 | 9.9 203 12.12 | 0.46| 30.26 | 12.85| 0.49| 6.72| 410 601858 | 1167012| 1481
BH-3 17.8 4.04 | 40.3 11.15 | 187 3.4 0.64| 3.9 2.22 | 0.32| 7.56| 308 600512 | 1163039| 1466
DBH-16 16.9 094 |57.1 13 217.16 | 9.43 0.25]| 16.3 11.08 | 0.18 | 7.57 | 427 537991| 1263934| 1736
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Isotope data

ID X y z Locality H B0

CSP_8 552397 1223421 | 2578 Gandera -8.99 -2.75
CSP_9 559655 1246384 | 2743 wela wela -11.55 -3.27
CSP_11 549444 1254991 | 2059 Kundi -4.07 -1.74
CSP_22 574139 1237782 | 2360 Mededo -3.43 -3.12
CSP_23 | 562651 1267865 | 1873 Robit 3.86 -1.89
CSP_37 | 569287 1232031 | 2514 Dessie/Kurkur -15.17 -4.73
CSP_38 | 568084 1229960 | 2584 Dessie/Sire -12.29 -4.59
CSP_41 584094 1221342 | 2287 Ancharo/sholla | -1.11 -2.04
CSP_7 560001 1215214 | 2933 Dessie -16.85 -4.27
CSP_12 589367 1226447 | 1921 Kalu -1.18 -1.44
CSP_29 | 596589 1237831 | 2183 023 Kebele/Kalu| 0.7 -2.28
CSP_53 | 517869 1254740 | 2394 Tenta -7.04 -2.14
DBH_35 | 564670 1225399 | 2235 Dessie -6.06 -2.83
DBH_36 | 564708 1225536 | 2233 Dessie 15.03 2.52
DBH_37 564494 1225842 | 2230 -1.53 -1.72
DBH_38 564050 1226264 | 2222 Dessie -11.03 -2.95
DBH_40 | 568979 1230036 | 2461 Dessie -2.45 -1.88
DBH_49 | 579283 1225622 | 1832 kombolcha -6.87 -2.24
DBH_50 | 579015 1225653 | 1837 kombolcha -10.33 -2.98
DBH_13 | 566927 1238698 | 2609 Kalu -8.12 -2.71
DBH_14 | 599142 1231220 | 1483 Kalu 1.5 -1.05
DBH_18 | 573979 1279765 | 1518 Habru 0.55 -1.57
DBH_39 | 563411 1226816 | 2219 Gerado -14.38 -3.33
DBH_41 | 569224 1231526 | 2490 Gerado -5.26 -2.11
DBH_51 | 578907 1227572 | 1860 Kombolca -10.33 -3.32
DBH_52 | 579154 1226670 | 1843 kombolcha -14.95 -3.59
DBH_53 | 578982 1225920 | 1836 kombolcha -4.58 -2.2

DBH_55 578170 1225540 | 1860 kombolcha -2.13 -1.38
DBH_62 | 523376 1238731 | 2918 Tenta -15.91 -3.97
DBH_65 525736 1240584 | 2889 Tenta -15.52 -3.87
DBH_69 | 578230 1224874 | 1831 kombolcha -17.92 -3.82
DBH_70 578543 1224851 | 1852 kombolcha -17.26 -3.92
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