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ABSTRACT

A research was undertaken to understand better the interaction between the surface and
groundwater of the Hayk-Ardibo Catchment. A two-dimensional aerial finite-difference
groundwater flow model was used to simulate the groundwater flow and establish a hydro
geologic budget of the region.

The Hayk-Ardibo Catchment lie on the western Afar rift escarpment, an area with a complex
geologic history. The geologic history includes volcanic rocks with the major NNE-SSW fault
trend in the area. Faulting have modified the distribution and thickness of volcanic rocks, their
secondary porosity & permeability and the degree of weathering and fracturing which intern
influence the occurrence and movement of ground-water in the region. The permeability of
the aquifer which are highly weathered and fractured are associated with high hydraulic
conductivity value which in most case is the typical nature of the Tertiary volcanic located in
the center of the Catchment along lake area that control the gradient of the potentiometric
surface and ground water flow in that region. The geology, hydrogeology and water balance
of the study area has been discussed and it helped to understand the groundwater flow system
in the study area. These are the basics, which helped to conceptualize and determine the type
of aquifer, its aerial extent and boundaries.

A Conceptual model was first developed to decide in order to determine the modeling
approach.. The model boundaries determined to represent natural hydrological boundaries
incorporate (1) no-flow boundary along the westem, Eastern and Southern boundaries, (2)
flux boundary along Northwestern boarder of the study area (3) general head boundary on the
two lakes and internal boundary along Ankerka River draining the central catchment.

Several simplifying assumptions were made for the conceptualization and simulation of flow
in the Catchment: 1) Recharge to the groundwater is assumed only from precipitation with in
the catchment and there is no additional subsurface inflow across boundary in any part of the

study area. Recharge varies spatially, 2) single layer has been used in the model 3) Darcy’s
law is applicable to flow through the fractures 4) unconfined aquifer is assumed in the model,
and 5) evaporation was not explicitly simulated in the model. Recharge rates were considered
as ‘net recharge,’ and 6) discharge occurs from the aquifer along the Northern boundary

where aquifers are hydraulically connected to down Catchment.
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The simulated region is an area of 140.1 square kilometers. The model consists of over 62,500
cells and exercised a regular grid spacing of 250m x 250m.

Input parameters to the model included, initial hydraulic head, recharge values to the topmost
model 1ayer and hydraulic conductivity. The model was designed and calibrated to steady
state conditions with heads observed at 20 springs.

The model was calibrated utilizing a manual trial-aiul-error adjustment of parameters.
Horizontal hydraulic conductivity, recharge value, hydraulic conductance at the general-head
boundary, and streambed conductance were adjusted during successive simulations until
computed head values approximate field conditions.

Sensitivity tests were conducted on net recharge and hydraulic conductivity. Based on the
results obtained from the sensitivity analysis, it is apparent that the model is highly sensitive
to changes in recharge than horizontal hydraulic conductivity. The model is less sensitive to
stream bed hydraulic conductivity.

The agreement between the measured and the simulated hydraulic heads obtained for the
steady-state model suggests that the values assigned to the hydraulic properties that
characterize the ground-water flow of fractured volcanic aquifer are reasonable.

The volumetric budget terms for the contribution to groundwater flow components for the
study area simulated to be as follows: Groundwater inflow is 6.5393855E+04 m /d and
Groundwater outflow 65389 m3/d. This indicates that substantial amount of groundwater
leaves to the adjacent catchment
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CHAPTER ONE

INTRODUCTION

1.1 Background
Agriculture is the most significant sector to the nation’s economy, accounting for 85% of the
Country's labor force is used on agricultural activities and furthermore for the particular
generating of foreign exchange. The temporal and spatial variations of rainfall distribution on
the nation make irrigation an alternate solution for the extensive cultivation of crops and food
security. The intention to use the two Lakes for irrigation was started long ago but the
irrigation at the Hayk lake is not yet functional and limited irrigation activities has been
conducted on the Ardibo lake. In order to utilize the two lakes for irrigation one has to count
the sustainability of the lakes ecology and the aquifers system underlying the Hayk and
Ardibo Catchment.

There fore to alleviate the growing demand for water and agricultural acreage in the region, it
is essential to propose developing strategies: a scientific approach to water resources
management. The scientific approach requires the use of groundwater models, to
quantitatively determine the spatial and temporal trends of hydraulic parameters and to derive
a hydrological budget that could help the water resources management of the region. This
would include the construction of daily or weekly abstraction that would: 1) save water, 2)

reduce unmet demand and 3) allow new revenue for financing the expansion of water supply

system for the expansion of irrigation. \

The distribution of water demand is based on the location of irrigable lands and Population
concentrations. There are more extensive irrigable lands in the southern section of the Lake
Ardibo and lake Hayk. The two areas with existing irrigation systems or potential irrigation

area: 1) 106 ha. Plains adjacent the Hayk Catchment and 2) 72 ha Plains in the Ardibo

Catchment, approximately 30.1 ha are irrigated in the Ardibo Plains, out of a potential area of

72 ha according to unpublished Co-SAERAR, 2003 report. The concentration of agriculture

in the area has created a growing demand for services and labor, leading to higher population

densities and consequent additional demand for water resources.
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It is important to formulate plans to satisfy the projected demand of 2.434674 MCM/yr
(million cubic meters per year) for agriculture during the years 2000- 2020 according to
unpublished Co-SAERAR, 2003 report. Therefore an accurate hydrologic model is essential
for water managers to make informed for the decisions with regard to future conditions based
on projected pumping rates (abstraction of lake water with out damaging the groundwater and
lake water system).

1.2 Purposes of the study
The purpose of this thesis is to understand groundwater and surface water interaction in the
Hayk - Ardibo Catchment and calculate a hydrologic budget for the region utilizing
groundwater modeling soft ware. This thesis provides: 1) a scientific discussion of geologic
and hydrologic characteristics of the fracture aquifer, 2) application of a three-dimensional
finite-difference groundwater flow model. The groundwater flow model utilizes data collected
from the field and offices (Ministry of Water Resources, Ethiopian Metrological Agency and
Zone, Department of Water Resources Development Bureau of the Amhara National Regional
State). This thesis is intended for the scientifically informed public and, particularly for the
Amhara National Regional State Water Resources Bureau who may exercise the results to
devise water resources management decisions and for researchers to build further studies and
ultimately for the community, which may encourage them to ensure food security.

This modeling study includes:
1) Conceptualization of the groundwater system of the Hayk-Ardibo catchment,
2) Calibrating the model to derive optimal parameters, and

3) To establish model based groundwater resource evaluation that can be used for sustainable

groundwater resource management.

1.3 Methodology

Various methods had been used to study the area. The development of model deigns and

simulations of the groundwater in the study area basically require the understanding of the

geology, hydrogeology, and geomorphology and hydro climatologic characteristics of the area

and which intern leads to the development of the conceptual model. This will basically require

gathering and organizing of primary and secondary data (point, line and polygon,) using
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appropriate soft wares and making analysis to gain reasonable results. Therefore varied
methods were used in the above processes, these encompasses:

a. Data Collection includes existing data, reports, maps and publications.
b. Organizing data using soft ware.
c. Analysis of organized data.
d. Presentation of results using appropriate soft ware.

The whole activities accomplished could be categorized
1. Preliminary office works.

a. Review existing works and literature
b. Preparing maps, sections etc.

2. Main office works.
Data Input, model calibration & simulation.

2. FieldWorks
a. Site observation

i b. Water samples gathering
c. Hydraulic conductivity measurements

In this research different data, maps and reports were utilized
1. Data and reports: well log data in the adjacent catchment which has similar

hydrogeological condition, hydro metrological data collected from the Ethiopian
Metrological agencies, Hayk lake level data collected from the Ethiopian Ministry of
Water Resources, specific studies on soil type groundwater potential, by the Swedish
Red cross society, and Commission for sustainable agriculture in Amhara Region and
water balance of the Catchment studied by Molla Demelie, 2000.

2. Maps: Topo sheets, 1:50,000 (Ethiopian Mapping Agencies), Satellite Image, NASA
2002, Geological Map of Ethiopia (Tesfaye Cherent, 1988) and Geological Map of the
Catchment 9 Molla Demelie, 2000).

Equipments and software
1. Equipments used.

a. GPS-Magellan, for locating springs, water sample collected and hydraulic
parameters taken

b. Digitizing table.
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c. Water quality kit for field measurement of water qualities data
d. Permeability measurement for Hydraulic conductivity measurements

2. Software used for

a. Data preparations for the model are Arc GIS 3.2, Carta links, Surfer 8.0,
and Global Mapper.

b. Data analysis and simulation is PMWIN, Processing Mod flow Pro (the
latest version of groundwater soft ware).

Conceptualization of the groundwater-flow regime is based on previous studies and
hydrologic data that contain: lithologic information obtained from field observations and well
logs (Hayk town wells), hydraulic heads measured in springs, lake level measurements, and
hydraulic properties determined from pumping test and field measurements, The Hayk-Ardibo
Catchment area has been studied using numerical model of the latest software called
Processing Modflow Pro (Version 7.0.17).This numerical groundwater modelling software is
developed by Web Tech 360 Inc. in 2002-2003 based on the original work of W. H.Chiang &
W.Kinzelbach (1991-1998). Processing Modflow Pro (PMWIN Pro) is an enhanced Version
of Processing Modflow,

1.4 Previous Works
Different scientific research works had been c onducted b y d ifferent p ertinent scientists for
different reason, Researchers in the area of Limnology, Geology and hydrogeology had
conducted studies.

The geology of the Ethiopian western escarpment in general and the surrounding area of
Hayk-Ardibo in particular had been discussed by prominent scientists: Abate et al., (1968),
Grananin et al, (1973), Zanettin et al., (1974) and Chorowicz et al, (1999), they had
discussed on the formation, magamtology, tectonics and stratigraphy of the western rift
margin, according to their study the migration of the Olig-Miocene ignimbritic volcanism in
the central Ethiopian plateau from north to south west following the rift escarpment and they
identified three volcanic cycles in the Afar margin and surrounding areas ( Oligocene,
Miocene and Plio -Palistocene in age) associated with and initiated by North trending left
lateral motion .
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The hydrogeology of the Hayk -Ardibo Catchment, Dessie town & Borkena Catchment and
Ethiopia had been studied by different researchers: Molla Demlie (2000), Ketema Taddes
(1978, 1980) and Tesfaye Cherent (1988) respectively. The outcome of their findings
presents the type of aquifer and it has been used to group the hydraulic conductivity,
characterize the aquifer type, groundwater flow direction and recharge value. In summery:

1. The hydraulic conductivity of this aquifer is around 3.5 XIO'5 m/s, according to
Ketema Taddesse computed for wells drilled at Dessie town (1980).

2. The dominant aquifer type in the study area and the regional groundwater flow
direction has been indicated in the hydrogeolgical map of Ethiopia, Tesfaye Cherenet
(1988)

3. The water balance of the area and detailed geological works had been done by Molla
Demlie,(2000) his findings were:

a. Recharge values were dealt in detail by using conventional water balance method to
study the water balance of Hayk-Ardibo catchment.

b. Geological map and Hydrogeological map
The structural trend and other relevant geological and hydrogeological description helps in
characterization of aquifer and groundwater flow direction that agrees with previous
hydrogeological studies and his further recommendation and conclusion for the use of
groundwater modeling to simulate water budget in order to effectively make comparisons
with the conventional method he used.

3. Studies conducted by different organization such as Commission for sustainable
Agriculture and Environmental Rehabilitation in Amhara Region (Co-SAERAR) and the
Swedish Red Cross society during the Derge regime had conducted different studies,
which became a basis studies to use the lake water for irrigation. The canal structure for
lake Hayk was not functional and a limited irrigation work is done in the Ardibo Lake. It
was reported that the lake level of Hayk has decreased around 7.8 meter with in the past
60 years Molla Demelie et al, 2000 and there fore a reasonable pump-age of water for
irrigation will be required to use in a sustainable.

5



CHAPTER TWO

DESCRIPTION OF STUDY AREA

2.1 Location
The Hayk-Ardibo Catchment is located around 435 km, northeast of Addis Ababa, 35km
northeast of Dessie town and it is bounded between 11°1 l ’- l 1°23’N latitude, and 39°45’-
39°49’ E longitude (fig.2.1); and at an average altitude of 2100 meter above mean sea level
(a.m.s.l.). The study area is part of the northwestern watershed of the Awash River basin
which is found in the northwestern margin of the Afar rift escapements of the Northwestern
Ethiopian plateau. It is a closed surface drainage system with a total area of 140.1 km2.

The access to lake Hayk is relatively good, the gravel road leads to the Monastery of Hayk
Istifanos and the lake is not far from the town of Hayk which is located on the main road that
leads to Woldia. Where as, the dry weather road that leads to lake Ardibo is very difficult
especially in the rainy season

2.2. Physiography and Drainage

The study area covers closely a total area of 140.1 km2, of which around 37 % of the surface
area is occupied by Lake Hayk and lake Ardibo and the rest plains and hills that surround the

two lakes. The Hayk-Ardibo catchment is contained in the western escarpment of the Afar rift
escarpment. There is a 230-meter topographic difference between the two lakes. The highest

elevation is found at the southeastern and western boarder of the study area, which is around
2800 meters above mean sea level (a.m.s.l.) where as the lowest elevation is the level of lake

Hayk, which is 1900 m.a.s.l. Land elevation varies throughout the study area from 1900-2800

m above mean sea level (a.m.s.l). The vegetation cover in the highlands consists of bushes,
with a scattered occurrence of more valuable eucalyptus.

From geomorphologic point of view, lake Hayk looks like a subside caldera bounded in the

west, north and east by very steep crater walls, while in the southeast, south and southwest,
the topography gets gentler and the rim becomes flatter. On the other hand lake Ardibo, which

is aligned into the NW-SE direction following the general trend of the major structures in the
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area, looks like a fault-bounded graben. It looks like and follows the trend of the major
grabens of Brokena. The Hayk-Ardibo Catchment is a closed surface water drainage system.
The distance between the two lakes is around 18 km. The drainage pattern is radial, i.e.
streams drain towards the nearby lakes locally. The two lakes are connected by Ankara River,
which flows with a well-defined channel in the cCatchment starting from northeast of Lake
Ardibo, and then enter lake Hayk at the southeaster shore. It is a perennial stream.
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