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Preface

In the context of regional geodynamics, the Geology of Ethiopia is the result of
complex orogenic evolution that involves: terrain accression and collision in
Precambrian; peneplanaton, glaciations, and Gondowana breakup in Paleozoic;
cyclic marine transgression and regression events leading to accumulation of
multilayered sedimentary rocks in Mesozoic; huge continental flood basalt erup-
tion and formation of rift valley in Cenozoic and sedimentation, and deep incision
of river valleys and pluvial-interpluvial sediment accumulation in Quaternary.
These mega events have left distinct imprints on landscape, hydrology, and
groundwater occurence in Ethiopia.
Why this book?

(a) Evolution in geological knowledge provides new hydrogeological knowledge
How much we know about hydrogeology and groundwater resources potential
depend as much on the knowledge of geology. The unique and extensive flood
basalts of Ethiopia, the closed basin lakes and associated sediments, and the
unique setting of the Great East African Rift attracted several international and
national geo-scientific researches in disciplines ranging from global geody-
namics, rift evolution, paleo-climate re-construction, and so on. Knowledge in
the geosciences of Ethiopia has evolved so much, so that it necessitates a
commensurate updating of hydrogeological framework of Ethiopia. Over the
last five decade alone over 3,500 scientific papers have been published
regarding the geology, geodynamics, tectonics, geomorphology, magmatism,
hydrology, hydrogeology, and environment." A rapid look at the scientific
literature shows how the knowledge and insight on geology of Ethiopia have

! The number of the published scientific literature is estimated from searching for published
works on Ethiopia via ‘ScienceDirect’. ScienceDirect is one of the largest online collections of
published scientific research in the world. The term ‘Ethiopia’ and ‘Geology’ has been entered
and the search result gives 3,500 articles on the end of 2010. The total number of published works
is estimated to double this size if other portals such as Springer Link, Tylor-Francis, Wiley etc.,
were included.
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Preface

evolved and widened. Table FM.1 provides some of the evolution in knowl-
edge of geology. This evolution provides an opportunity to update the
knowledge on groundwater resources of Ethiopia. The book aims to provide
updated and detailed scientific context to the hydrogeology of Ethiopia.

Evolution in paradigm of hydrogeology Groundwater resources assessment
which started in the 1960 and continued to recent time evolved under the
paradigm of steady state. Ground water occurrence mapping and potential
assessment sufficed for the purpose. Currently, the prevailing paradigm is that
of quantifying aquifer response to changes in climate and human-induced
forcing (pumping, land use changes) and maximizing the resources use sus-
tainably. ‘Water-centered development’ is explicitly seen as the entry point for
growth and poverty eradication in Ethiopia. Increasingly, water resource
development is integrated with economic development and land use planning.
Groundwater is of paramount importance for Ethiopia to supplement the
available surface water resources in providing drinking water to its population
and for socio economic development (agriculture, livestock, industry, tour-
ism). The usability of groundwater resource in addition to its intrinsic prop-
erties such as water quality and vulnerabilities can be affected by the
suitability of the system which intends to use it. For example, in Afro Alpine
agro-climatic zone the usability of the available groundwater is limited by
availability of soil, topography, climate, and so on. Therefore, groundwater
resources availability alone cannot lead to its intensive use unless the avail-
ability is linked to other external factors such as land use planning, agro-
ecology/climate, and accessibility by existing technology. In this book,
attempt has been made to increase the scope of groundwater resources
assessment beyond the mere description of aquifers to viewing the role of
groundwater in other cross cutting issues such as climate change adaptation,
poverty reduction, investment opportunities, urban planning, groundwater
dependent ecosystem, and so on.

Groundwater as strategic resource Over the last decade groundwater devel-
opment has become a new phenomenon. It has become source of domestic
water for growing urban population. It has become of paramount importance
in rural areas. There are several reasons why groundwater is of paramount
importance in rural areas: Groundwater is generally cheaper to develop rela-
tive to alternatives; aquifers are able to offer natural protection from con-
tamination; and groundwater offer reliability of supply and a buffer against
drought. For irrigation the benefits of controllability are also significant,
allowing efficient and flexible in field application on demand. This is a key
reason why yields from groundwater irrigated areas are typically much higher
than under surface water schemes. Groundwater is the only practical means of
meeting rural community in arid and semi-arid regions of Ethiopia, and note
that groundwater also supplies many urban centers including the capital city
Addis Ababa. In this regard, future development of settlements and urban
centers in Ethiopia are highly dependent on the potential of nearby aquifers to
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meet ever increasing demand from population growth and industries. In rural
poverty reduction, groundwater is an important credit. There is an increasing
shift of paradigm: hydrogeological mapping for specific project site (e.g. water
supply of a village, a city) loaded with science jargons (transmissivity, stor-
ativity, extent of aquifer, water quality, recharge rate, etc) to a new paradigm:
groundwater use for development and economic growth, groundwater as
strategic resource, groundwater in poverty reduction, and groundwater has
environmental function. This necessitates the need of value chaining hydro-
geological knowledge, i.e., provision of policy, practice, and management
relevant information on groundwater resources. Such policy relevant infor-
mation include maps such as: drought proof maps, recharge mechanism maps,
aquifer vulnerability maps, water poverty indicators for regions, water avail-
ability maps, and so on. This book aims to provide such management relevant
information on groundwater resources of Ethiopia.

Groundwater as environmental water Groundwater is ecologically important.
The importance of groundwater to ecosystems is often overlooked, even by
freshwater biologists, and ecologists. Groundwater sustains rivers, wetlands
and lakes, as well as subterranean ecosystems within karst or alluvial aquifers.
While there are other terrestrial ecosystems in more hospitable environments
where groundwater plays no central role, groundwater is, in fact, fundamental
to many of the world’s major ecosystems. Water flows between groundwater
and surface waters. Most rivers, lakes, and wetlands are fed by, and (at other
places or times) feed groundwater, to varying degrees. Groundwater feeds soil
moisture through percolation, and many terrestrial vegetation communities
depend directly on either groundwater or the percolated soil moisture above
the aquifer for at least part of each year. Hyporheic zones (the mixing zone of
stream water and groundwater) and riparian zones are examples of ecotones
largely or totally dependent on groundwater. This book provided compre-
hensive account on groundwater dependent ecosystems including their origin,
groundwater surface water relation, and specific roles of groundwater.

Seifu Kebede
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Chapter 1
Introduction

1.1 Definitions of Groundwater and Aquifer

There is variable definition for groundwater. Agronomists define groundwater as
any water below the ground. For engineers groundwater is often termed as sub-
surface water and occurs below the ground. For hydrogeologists groundwater is
water in the saturated zone. A number of other names are attributed to ground-
water. This include: sub surface water, under groundwater and groundwater. Rocks
in which groundwater occur are also named differently. Aquifer is a rock that holds
and transmits water at an economical rate. Aquiclude is a rock that doesn’t hold or
transmit water at economical rate. Aquitard is a rock that holds water but doesn’t
transmit the water to wells at economical rates. Groundwater exists inside fractures
of rocks or inside open spaces called porosities of rocks. Open spaces are formed
either after or during the formation of the rocks themselves.

How much groundwater exists in the subsurface is therefore the function of the
amount of the open spaces in rocks and the spatial extent of these rocks. Dif-
ference in groundwater potential between regions, countries, and continents is
intrinsically linked to the rock type, extent of the rocks and the recharge rates and
conditions. Recharge here refers to the amount of water that joins the ground-
water from external sources such as rivers, rainfall, lakes, or from any other
adjacent aquifer. Three principal categories of rocks are known to geologists:
Igneous rocks, sediment and sedimentary rocks, and metamorphic rocks. These
can further be classified into hundreds of different class or sub class of rocks.
Basically two categories of igneous rocks are known. These are volcanic rocks-
which form from cooling of magma on the surface, and intrusive volcanic rocks
which cool from magma inside the earth. Table 1.1 shows examples under the
three major categories of rocks.

S. Kebede, Groundwater in Ethiopia, Springer Hydrogeology, 1
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2 1 Introduction

Table 1.1 Major category of rocks and their examples from Ethiopia

Rock type Examples in Ethiopia

Volcanic Basalts, ignimbrites, volcanic ash, rhyolites, scoria

Sedimentary Sandstones, limestones, shales, gypsums, alluvio lacustrine sediments, sands,
gravels, alluvial fans, alluvial valleys etc.

Metamorphic Granites, schists, granulites, slates, marbles, gneisses

1.2 History of Groundwater Development in Ethiopia

Water occurrences and access to water resources have contributed to the shaping
of Ethiopian history and culture. Ancient and modern civilization in Ethiopia has
been founded on areas where groundwater has been available mainly as springs
(Table 1.2). Many place names (e.g. names of settlements and settlements that
have grown to township) are named after the water source that supplies them. In
northern Ethiopia for instance Mai means water. There are a number of town now
in Tigray with prefix ‘Mai’ including Maishum (ancient name for Axum meaning-
the chieftain water cistern), Maichew, Mainebri etc. In Southern Oromia and
Somali regions of Ethiopia the term ‘ella’ stands for traditional wide diameter dug
wells or water point. Several place names retain their names after the water
sources, for example El-kere, El-bana, El-gof.

There is well documented evidence that the very well being of the traditional
Borena community in Southern Ethiopia is strongly linked to groundwater
resources management. An eloquent summary and investigation (Tiki et al. 2010)
shows groundwater wells play a pivotal role in Borena pastoral production,
cultural identity, and the institutional organization of water management (Cossins
and Upton 1987; Dahl and Megersa 1990).

Indigenous well-water system of the ancient Tula wells has had a critical
function in the sustainable management of savanna grazing lands in southern
Ethiopia. The indispensable role of the wells is expressed by their connection to
human and livestock fertility, continuity of lineages, clan solidarity, and the peace
of Borena (nagaa Borena) (Dahl and Megersa 1990). In this ancient water system,
water changes the meaning of landscape by transforming the land into a cultural
landscape (Burmil et al. 1999) and it conserves useful indigenous environmental
knowledge for managing the water system. The combination of hydrological and
engineering systems, social institutions, and regulatory customary laws (aadaa
seeraa) that evolved around water created strong environmental-human systems
that have been exploited by Borena pastoralists on a sustainable basis for several
centuries (Helland 1998).

As to when exactly, development of the groundwaters through artificial inter-
vention (digging, drilling etc.) has started is not apparently documented. There is
historical evidence that the ancient (2000 years ago) Axum Township used
cisterns to supply the settlement (Phillipson 1995). The cistern called Maishum
was a constructed structure that collects surface water runoff and (probably low
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Table 1.2 History of water sourcing for old towns of Ethiopia (from Pankhurst)

Water sourcing of old Ethiopian settlements at the time of their establishment (Pankhurst, 1985)

Gondar The city suffered, as throughout history, from an acute shortage of water. Many
inhabitants complained of this, as there were no wells, and water had to be
obtained from the rivers to the east and west. Drinking water was taken from the
higher and for cattle from the lower reaches of these streams.

Gafat Gafat was conveniently situated only an hour walk from Gondar, and enjoyed good
supply of water throughout the year from numerous springs which joined Zufil
stream. The area soon developed as a center of missionary activity.

Maqdala:  Magqdala and its environs were moderately well supplied with water. There were
several springs at Eslamge and one south of Sellase. Tewodros orders the
digging of numerous wells and the construction of ‘several large tanks’ at
Magqdala and at least one at Fahla. Water in the fort was, however, sometimes
scarce, and had on occasion to be obtained from the foot of the mountain. The
hill of Sellase was furthermore virtually devoid of water, and apparently for that
reason uninhabited.

Harar In 1887 there were nine wells containing water which the Egyptians liken to that of
the Nile. Water was scarce and the scarcity continued to date. The principal
water source was just beyond the walls, to the west of the city, a site frequented
by many of the womenfolk. A public water fountain was, however, installed in
the Farasmagala in 1907.

Addis Menilek’s principal capital, Entoto, proved unsatisfactory as a capital. Through well

Ababa situated for defense on account of the steep sites of the mountain on which it was
situated, as strategically convenient in being perched between the Blue Nile and
Awash River systems, it was by no means suitable as a settlement in peaceful
times. It lacked any good source of water, and, because of its distance from
agricultural land, could not easily be supplied with provisions. Moreover, it
suffered, during the rains, from a particularly intemperate climate. The plains of
Filwuha, or Finfine immediately to the south of Entoto, on the other hand
enjoyed a mild climate, as was the site of hot thermal springs-traditionally a
great attraction to Ethiopian Rulers. Menilek and his court accordingly rode
down to camp by these springs, for the first time apparently in 1885.

Diredawa  The town was also unusual in having piped water. This was installed, like the roads,
by the railway authorities. The supply came from two natural springs, over one
of which, had been ‘erected a small masonry pyramid with four troughs for cattle
and mules’. The other spring filled two concrete reservoirs, each measuring
about 17 m by 5 and 8 m deep, covered by a wooden roof. The overflow was
used for domestic purposes.

Debretabor The first well was dug in 1901.

Gore The town like most of Menilek’s camps was in a good strategic position. It stood in
the mountains dominating the Baro river and was virtually impenetrable, being
surrounded by sharp escarpments on all sites except the south. No less
conveniently it had numerous springs which yielded water throughout the year.

discharge springs) in the ancient Axum. The traditionally Borena wells are thought
to have been existed as much as the community themselves and dates back several
centuries (Helland 1998).

Addis Ababa (also called Finfine), the capital of Ethiopia, is founded in 1870s
thanks to the presence of thermal springs which attracted the rulers interest to use
the springs as natural spas.
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There is a clear document as to when modern groundwater drilling started in
Ethiopia. The first machine drilling of wells dates back to 1867-1868. The wells
have been drilled by the British Military led by Napier while they entered into war
with emperor Tewodros of Abyssinia. The drilling facility or the wells are called
Norton Tube wells or Abyssinian Wells. While these wells mark the first machine
drilled wells in Ethiopia, the British War of 1867—-1868 is associated with sig-
nificant innovation through the widespread use of the Norton Tube Wells. This was
a perforated pipe with a pointed bottom end which was driven into the ground by
rising and dropping a cylindrical weight on to its upper surface and the system is
proven to be effective in alluvial and other unconsolidated sediments (Robins and
Rose 2009).

The installation of the first modern water facility in capital city Addis Ababa
dates back to 1884 and the water supply system taps springs in the hills north of
the National Palace. The installation of the palace water supply that year was
engineered by Alfred Ilg (Swiss technician and engineer) and this has created
much excitement as the poem below shows (Pankhurst 1985). The water brought
to the palace compound by the pipe is then used to irrigate gardens, for washing,
laundry etc. From that time onwards people were no longer seen going to the river
to wash their clothes.

We have seen wonders in Addis Ababa,
Water worships Emperor Menilek,
O Dagnew [Menilek] what more wisdom will you bring?
You already make water soar in the air!
“Kind Abba Dagnew, how great is he becoming!
He makes the water rise into the air through a window,
While the dirty can be washed and the thirsty drink.
See what wonders have already come in our times.
No wonder that some day he will even outdo the faranje.
(Pankhurst 1985)

Much of drilling history is lacking for the period between 1900 and 1930.
However reports show a number of wells have been supplying water for the city of
Addis and Harar. Richard Pankhurst writes for instance:

There was also at times a dearth of water, particularly during the dry months of April, May
and June. In 1910, for example, two thirds of the wells were dry, and the half dozen canals
by then dug to draw water from the springs of Entoto had dried up the rivers for half the
year. It was therefore considered necessary to construct reservoirs in the hilly area of
Gullale to North West of the city. Water, however, remained scarce, a British resident
Charles Rey reporting that in 1922 all the wells in the neighborhood of the Etege Hotel
were empty, and that this was a common occurrence in the dry season. During 1920s and
the Regency of Hailesilassie a greater part of the town nevertheless continued to rely on
wells. Water was usually carried in 4 gallons tins.

Reports show (EGS 1974) that the Italian military occupiers of Southern
Ethiopian and the Somali region of Ethiopia, have drilled several wells in the
region between 1936 and 1941.



1.2 History of Groundwater Development in Ethiopia 5

Drilling activities between mid 1930s and 1974 has been documented (Hadwen
1975). According to this report, total of 1,000 boreholes have been drilled in
Ethiopia (including Eritrea) between mid 1930s and 1974. Government agencies,
private companies and Aid organizations have been involved in drilling activities.
National Water Resources Commission, a government agency has been the largest
operator up to 1970s with its 20 rigs. The Ministry of Mines also conducts drilling
activities mainly for mineral exploration, hydrogeological mapping, and road
construction water sourcing since 1973. Ministry of Interior has been engaged in
contracting the private sector in drilling and water supply for townships. A number
of other foreign and national private companies have also conducted drilling work
during this time.

A remarkable increase in number of drilling rigs and drilling activities follows

the response to the drought of early 1970s. Since 1974 a number of missionaries
and bilateral aid agencies have brought out drilling rigs to the drought stricken
areas. Notable among them are Sudan International Mission (SIM), World Vision
Incorporated, and Lutheran World Federation (Hadwen 1975).
The Swedish International Development Agency (SIDA) drilled more than 70
boreholes in Chilalo Awraja (South Eastern Highland) up to the end of 1974. The
British aid program have brought out to Mekelle through Hunting/MacDonalds a
large drilling rig, the Chinese in association with National Water Resources
Commission (NWRC) have commenced a drilling program in Urban and Rural
areas throughout the country. Japanese aid agency has started drilling for farmers
in various sector of Ethiopia during the same period. There are also records that
show UNICEF and International Bank for Reconstruction and Development
(IBRD) imported drilling rigs into Ethiopia in order to able to alleviate the drought
impacts of 1974. Hadwen (1975) also records the history of drilling related to
mineral exploration, dewatering and petroleum exploration in Ethiopia. Since the
early 1990 a significant expansion of water well drilling activity is taking place.
The drilling is being conducted by government agencies, faith based organizations,
bilateral cooperation programs, United Nation agencies etc.

1.3 Groundwater Storage: General

There are four major categories of aquifers in the country, the formation of which
relate to geological processes. The spatial extent and the groundwater storage in
these aquifers is given in Fig. 1.1 and the description of the aquifers is given in
Table 1.3.

Estimation of stored subsurface water is essential in groundwater studies as it
gives a clear indication of the storage capacity of the aquifers. Great amounts of
stored groundwater provide a better chance of obtaining water of good quality and
high productivity. The calculation of the groundwater storage in each zone of the
aquifer was performed by the following relationship shown in box 1.
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Loose
sediments

(a) area proportion (b) storage proportion

(¢) proportion of fresh and saline groundwaters number in billion meter cube

Fig. 1.1 An illustration showing the spatial coverage in Ethiopia of the four major categories of
aquifers (a—Dby surface area, b—Dby storage, c—by proportion of fresh/saline groundwaters out of
the total storage volume)

Box 1: Estimating permanent groundwater storage in Ethiopia

To calculate the saturated volume for the aquifer, four types of maps namely,
lateral extension of the aquifer isopach map, water level map, and depth to
the top of the aquifer were used. Reliance has been made on preexisting
hydrogeological map and wealth of information that exists from literature.

S=Y . AiTini

S the total stored subsurface water in the aquifer in m’

b
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Ai the differential horizontal area in km?;
Ti  the average saturated aquifer thickness in m;
Hi the effective porosity corresponding to the differential area i in fraction

Assumption for storage estimation is a follows: Basement rocks
(n = 0.001, T = 10 m); Loose sediments (# = 0.2, T = 20 m); Volcanic
aquifers (7 = 0.01, T = 50 m) and Mesozoic sedimentary rocks (n = 0.01,
T = 50 m). The total groundwater storage taking into consideration the total
surface area of Ethiopia is estimated at 1000 billion meter cube.'

The Ethiopian terrain is imprinted by volcanism, uplifting, and rifting. 80 % of
highest mountains with height exceeding 3,000 m are located in Ethiopia. Sedi-
mentation and formation of marine and continental sedimentary rocks predates
these activities. Sedimentation took place on basement peneplain composed of
metamorphic rocks. The uplifting accelerates erosion rates. The uplifted terrain of
Ethiopia has been undergoing erosion at a rate of between 0.029 and 0.185 mm/yr
for nearly 30 million years (Pik et al. 2003). The erosion over this long geologic
time produced highly rugged terrain, fragmented plateau, deep gorges and can-
yons, mountain peaks, buttes and mesas. These prominent topographic features of
Ethiopia in turn affect the water resources distribution, the rainfall pattern, and
groundwater occurrence and movement.

In the global maps of groundwaters or groundwater aquifers, the Ethiopian
aquifers are classified as the most complex, compartmentalized, and relatively low
storage aquifers (WHYMAP 2005). Two third of Ethiopia is covered by volcanic
rocks. The rest of Ethiopia is covered by Sedimentary and metamorphic aquifers.
Figure 1.2 shows the spatial coverage of different aquifers. Table 1.3 shows salient
properties of these aquifers.

1.4 Groundwater Occurrences in Ethiopia: General

All the four major categories of rocks (Fig. 1.2) hold groundwater at different
specific capacities.” Owing to their stratigraphic position volcanic rocks form the
most accessible aquifers in central Ethiopia. Sedimentary rock forms aquifers in
areas where they are exhumed by erosion of the volcanic caps (such as in the Blue
Nile basin, the Mekelle Outlier) or where the volcanic rocks didn’t exist initially
(such as the Ogaden lowlands). In localities such as the Ambo-Guder valley, the
escarpment facing Afar from Diredawa, and the Didessa valley, sedimentary rocks

U It should be noted that the saturated thickness and therefore the total storage is conservative
estimate.

2 Specific capacity refers to the amount of water that can be stored per unit volume of an aquifer-
or water holding rock.
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Table 1.3 Major aquifer rock categories and their salient characteristics (depth classification
adapted from Ethiopian Groundwater Management Framework document (MWR 2010)

Aquifer type

Rock type and Salient characteristics

color code

Volcanic

Sedimentary

Metamorphic

Alluvio lacustrine
sediments and
volcaniclastics

Shallow (30—
100 m)
Deep (100-
250 m)
Very deep
(> 250 m)

Deep (100—
250 m)
Very deep
(> 250 m)

Groundwater occurs in fractures and joints formed

during formation or after the formation of the
rocks. These fractures come mostly in
unpredictable pattern in spacing, aperture
opening, and length. These make volcanic
aquifers very complex, anisotropic and
heterogeneous. Degree of fracturing in these
rocks is the determinant of storage potential of
the rocks. These rocks occupy highlands forming
isolated volcanoes, volcanic shields, plateaus,
volcanic cones etc. The geomorphology that is
formed by the volcanic rocks is favorable for the
emergence of groundwater as springs along the
foothills of the volcanic shields. Volcanic rocks
generally cover central Ethiopia.

Groundwater occurs in pore spaces, fractures or

cavities, as the result sedimentary rocks are
considered as dual porosity aquifers. In Ethiopia
Sedimentary rocks occur in Blue Nile gorge, in
the Mekelle outlier and in the south eastern
highlands extending down to Ogaden. In the
other parts of the world (e.g. The Northern
Africa, Australia, and Western Africa)
sedimentary rocks are known for highest storage
and transmission properties.

Very shallow While no outright comparison is possible between

(0-30 m)
Shallow (30—
100 m)

the Sedimentary rocks and volcanic rocks of
Ethiopia in terms of their storage potential,
Metamorphic rocks in Ethiopia are known for
their low storage and transmission properties.
In Ethiopia metamorphic rocks occupy the
peripheral lowlands where rainfall is often low.
This leads to limited development of regoliths
and seprolites weathering products. These are
secondary materials known to enhance storage of
groundwater in metamorphic terrains, for
example in Uganda and central Africa.

Very shallow Alluvio-lacustrine sediments occupy vast regions of

(0-30 m)
Shallow (30—
100 m)

the rift valley, and filling intermountain grabens
and local depressions, river valleys and lake
margins. They occur as alluvial fans, deltas,
alluvial plains, marginal graben filling sediments
etc. Typical feature of alluvio lacustrine
sediments is that groundwaters occur in primary
porosity, water table is mostly shallow, water
quality is extremely variable, etc.
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Legend
(W Fyholte ndges-aquiciudes

M Deep Mesazoic Sediment Aquifers
B Very Deep Mesozoic Sediment Aquifers

Groundwater Use Options
LSI—Large scale irrigation
55l---Small scale irrigation

Groundwater occurence

FIS= secondary porosity
SED= primary porosity

200 Km

Fig. 1.2 Map showing aquifer type distribution, depth to water table, type of permeability, and
potential uses of the aquifers (Modified from Geological Map of Ethiopia, EGS 1996)

are exposed to surface owing to regional tectonic down cutting. Basement rocks
form most of the western peripheral lowlands and northern Ethiopia. They also
occur in the Hammer Koke block in southern Ethiopia, the Borena lowlands in
southern Ethiopia and in some localities around the South Eastern Highlands. The
loose Miocene-Quaternary sediments occupy the vast plains of the Rift valley, the
Afar depression and along river valleys in the lower Wabisheble basin (south
Eastern Ethiopia).

As shown in Fig. 1.2, volcanic rocks are the most extensive by surface area
while by groundwater storage the loose sediments are the most important aquifers
(Fig. 1.1).

1.5 Hydrostratigraphy: General

In the context of regional geodynamics the Geology of Ethiopia is the result of a
complex orogenic evolution (see Table 1.4 for sequence of geologic events) that
involves: terrain accression and collision in Precambrian; peneplanaton, glacia-
tions and Gondowana breakup in Paleozoic; cyclic marine transgression and
regression events leading to accumulation of multilayered sedimentary rocks in
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Table 1.4 Sequence of mega geologic events and hydrostratigraphy of Ethiopia

Holocene Exhumation of | Striping of Cambrian | Exhumation of
underlying  Basement | , Permian and | underlying
> rocks and old regolith | Cretaceous regolith, | Basement  rocks
I & mantle and continued | with minor formation | and old regolith
E Pleistocene lateratization, by | of regolith in the | mantle with
8 removal of Cenozoic | higher grounds, | limited late
g volcanics, Widespread | widespread duricrust | quaternary
o Lateratization, in low laying areas lateratization
formation of ferricrete
A~ Pliocene since Late Miocene
= :
N~ Miocene
|| =|Oligocene
"g Eocene
= | Paleocene
A Cretaceous _-_- Wide spread | Widespread Wide spread
Lateratization Lateratization Lateratization
U Jurassic
A~ O i i
| N Triassic
3
N~
=
Permian
Edagaarbi
Carboniferou glacials
S
L] Devonian
Silurian
v | Ordovician
o
N
1 9 -
2 | Cambrian
©
a
N~ Proterozoic High grade | High grade | Low grade Arabian
— Mozambique belt rocks | Mozambique belt | Nubian rocks post
and Low grade Arabian | rocks and Low grade | tectonic with
Nubian shield | Arabian Nubian | granitic intrusions
Metavolcanics and | shield Metavolcanics
Metasediments with | and Metasediments
Ultrabasic rocks with | with Ultrabasic rocks
some break in geologic
history and formation
of Kejmiti beds

Mesozoic; huge continental flood basalt eruption and formation of rift valley in
Cenozoic and sedimentation, deep incision of river valleys and pluvial-interpluvial
sediment accumulation in Quaternary. These mega events have left distinct
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Fig. 1.3 Stratigraphy of Ethiopia as show in the cross section rock layers from the North
Western Ethiopian plateau (modified from USBR 1964)

imprints on stratigraphy, landscape, hydrology, and hydrogeology of Ethiopia.
Figure 1.3 shows the stratigrphy and West to East profile of the Blue Nile plateau
(western half of Ethiopia). The cross section shows undulating erosion surface of
the Precambrian, the low-angle slightly-diping tabular plateau forming Mesozoic
sediments, and the thick monotonous but locally deformed (e.g. in Lake Tana
basin) Cenozoic volcanic pile.

Water bearing formations (Fig. 1.3) come in the following order. The oldest
aquifers are the Basement aquifers and associated regoliths and wadi bed sedi-
ments; this is overlain by Mesozoic sediments composed of multilayered conti-
nental and marine sediments. The vast majority of the basement rocks and the
sedimentary rocks are mantled by thick Cenozoic volcanic rocks this in turn is
draped by Quaternary sediments.

The Precambrian basement of Ethiopia forms a transition zone between the low
grade volcano sedimentary succession and mafic ultramafic complexes of the
Arabian Nubian Shield (ANS) and the high grade multiply metamorphosed and
deformed schists and gneisses, migmatites, ophiolite fragments, and granulites of
Mozambique Belt (MB). In Northern Ethiopia the basement rocks are low grade
metavolcanics and metasediments intruded by granites. The proportion of high
grade belts is higher in southern, Western and East Ethiopian basements.
Groundwaters occur in fractures, regoliths and recent alluvial sediments associated
with the basements.

The Mesozoic sediments come in cyclic sequence marine and continental
sediments. Unlike most of the world where folding and basin subsidence lead to
formation of folds, and structural traps, the Ethiopian Mesozoic sediments form
uplifted tabular plateau dissected by deep river gorges and river valleys and dip-
ping slightly forming a regional low angle monocline. This structural feature
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results in steep slopes which in turn lead to rapid outflow of recharging waters to
the river valleys. Another prominent feature of the Ethiopian Mesozoic sediments
unlike the same rocks in other part of the world is the low degree of karstification
and rarity of karst landscapes. The proportion of karstified rocks compared to
karstifiable rocks is in the order of 5 %. The dominantly muddy Adigrat sandstone
is marine-deltaic sandstone with two distinct formations separated by paleosol.
The base of the Adigrat sandstone is highly cemented by iron, hard and indurate,
the upper Adigrat formation is porous, reddish and the upper most layer is highly
lateratized and hardened. The whole package of the Mesozoic sediments forms
multilayered aquifers with dual porosity (fracture + minor karst and primary
porosity). The Cenozoic volcanic cover comes in monotonous but locally
deformed (e.g. In the Yerer Tullu Wellel Volcanic Lineament Zone, the Lake Tana
Basin and along the Margin of the rift) and intruded by dykes. Groundwater occurs
in fractures and flow contacts. Aerially less extensive unit is the Miocene to
Quaternary sediments. This forms loose sediments of higher primary porosity
leading to the largest groundwater storage in Ethiopia (Fig. 1.1).
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Chapter 2
Groundwater Occurrence in Regions
and Basins

2.1 The Broad (Oligo-Miocene) Volcanic Plateau
and Associated Shields

Geology and Stratigraphy

The broad volcanic plateau (Fig. 1.2) accounts for about 25 % of Ethiopian land-
mass. The Ethiopian volcanic plateau is a thick monotonous, rapidly erupted pile of
locally deformed, flat lying basalts consisting of a number of volcanic centers with
different magmatic character and with a large range of ages. The trap volcanics
including the associated shield volcanoes cover an area at least 6 x 10° km?
(around two-third surface of the country), and a total volume estimated to be at least
3.5 x 10° km® (Mohr 1983) and probably higher than 1.2 x 10° km® according to
Rochette et al. (1998). Flat-topped hills and nearly horizontal lava flows is a
common scene in the broad volcanic plateau. Topographic features of the basaltic
plateau are vertical cliffs, waterfalls, V-shaped valleys, vertical and mushroom-like
outcrops of columnar basalts, and step-like hill terraces. Interlayered with the flood
basalts, particularly at upper stratigraphic levels, are felsic lavas and pyroclastic
rocks of rhyolitic, or less commonly, trachytic compositions (Ayalew et al. 1999).

The traps are traversed by dykes. The width of dykes ranges from a few
centimeters to about 6 m. The dykes act either as barriers or as conduits for flow of
groundwater depending upon their nature as resistant to weathering or highly
weathered and fractured. The densest network of dykes is noted in the Lake Tana
Basin and the upper Tekeze watershed. The basal formation of the trap basalts is
the most frequently cut by dykes.

According to the traditional classification of the Ethiopian flood basalts there
are four different stratigraphic units all diachronous: from bottom to top, Ashangie
(Eocene), Aiba (32-25), Alaji (32-15 Ma) and Termaber (30-13) (Mohr 1983;
Mohr and Zanettin 1988). A more recent classification of the stratigraphy of the
broad volcanic plateau put forwards four stratigraphic units (Fig. 2.1). These are
(a) the basal basalt sequence forming gentle and rugged terrain corresponding to

S. Kebede, Groundwater in Ethiopia, Springer Hydrogeology, 15
DOI: 10.1007/978-3-642-30391-3_2, © Springer-Verlag Berlin Heidelberg 2013
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7‘_:] Basal basalt sequence (Ashengie)

pper basalt (Aiba, Alaji, Termaber)

. Shield volcanics

. Plateau quatemary basalts

Fig. 2.1 Map showing the distribution of plateau flood basalts, prominent shield volcanics and
associated central volcano related quaternary basalts

the Ashengie, (b) the upper basalt sequence forming the plateau proper corre-
sponding to the Aiba-Alaji-Termaber sequences, (c) broad based shield volcanics
caping the plateau and d) quaternary scorea basalts associated with the shields
(Kieffer et al. 2004). Unlike the former classification which put the plateau basalt
into four groups the new classification put the plateau basalt only into two cate-
gories. The whole volcanic sequence has been emplaced with no apparent
development of paleosol and erosional surfaces (Rochette et al. 1998)."

The Ashangie is basaltic formation marked by its deep weathering, thin layering
(<10 m), smooth topography and cross cutting sets of dykes. There are minor acid
products (such as volcanic ash, rhyolites, and ignimbrites) in the Ashangie formation.
Individual flows are discontinuous laterally and have irregular thicknesses.
Intrusions of diabse and dykes are common in the Ashangie formation. In the north
central sector extensive quartz and opal mineralization owing to paleothermal
groundwater circulation has been noted. In most parts brecciated materials has been
noted. The most extensive breccia has been observed in the Weleh valley south of
Sekota (see Fig. 2.1 for location) area at the foot hill of the Amdework ridge. Acidic
rocks are minor in the Ashangie formation (Fig. 2.2).

! For the upper part of the flood basalt volcanism a number of other names have been given in
the literature including: Jima volcanics, Mekonnen basalts, Wolega basalts etc.
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By contrast, the Aiba formation is a succession of massive cliffs corresponding
to thick (10-50 m) basaltic flows (Rochette et al. 1998). The Aiba and Alaji
formations are marked by their low degree of weathering, thick layering, and cliff
forming topography.

Frequent lacustrine deposits have been marked in the Aiba formation as evidenced
by lenses of diatomites and porcelain lithologies particularly surrounding the Sekota
area. The Termaber formation is marked by its jointing, thick layering, cliff forming
topography with flat tops.

Geomorphology

The volcanic terrain of Ethiopia comes in variety of landforms that is of
significant importance to groundwater occurrence and movement. Table 2.1
shows list of landform features that can be observed in the volcanic provinces.
The distinct landforms particularly the composite stratigraphy manifested by the
flood basalt pile provides a rapid field based evidence to distinguish different
stratigraphic/hydrostratigraphic units.
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Table 2.1 Landform features associated with the broad Cenozoic basalts

Name Volcanic landform

Monogenic landforms Continental flood basalts, Cinder or scoria cones, tuff cones and tuff
and fields rings Maars and diatremes, domes, lava flows and fields, ash flows
and ignimbrite sheets, plains and plateaus
Polygenic volcanoes and Stratovolcanoes. Intermediate silicic multivent centers, calderas,

calderas volcano tectonic depression
Erosional landforms Composite stratigraphy, flat topped plateau, volcanic plugs etc
Other landforms Dykes, plugs, dolerite intrusions, faults, shield

Dykes are prominent landform features that play a role in concentrating
groundwater flow and storing groundwaters. A detailed account of the role of
Dykes in groundwater dynamics can be found from (Mege and Rango 2010).

Hydrogeology and Groundwater Occurrence

Four broad hydrogeologic units can be recognized for the entire volcanic province
of the of Ethiopian Plateau. The recognition of the four hydrostratigraphic units is
based on geomorphic manifestations (which in turn are the result of permeability
of the lithologies and resistance to weathering), aquifer properties and mode of
groundwater occurrence, groundwater flow and discharge. The contrast in geo-
morphic appearance of the various stratigraphic sequences of the plateau flood
basalt is the manifestation of differences in erosion resistance which in turn is
partly related to permeability structure of the formations (Fig. 2.1, Table 2.2). The
four hydrostratigraphic units are:

1. Basal sequence: The gently undulating, rugged thinly bedded, brecciated,
deeply weathered and low permeability” base of the flood basalts (traditionally
called Ashangie basalts)

2. Upper sequence: The flat topped, cliff forming, thickly bedded scoriacious,
slightly weathered, permeable and relatively higher productivity aquifers with
some intercalations of acid rocks, capping the entire Ethiopian volcanic plateau.
Traditionally this hydrostratigraphic unit is made of the Aiba, Termaber and
Alaji formations. Other names have also been previously used including Jima
volcanics, Wellega basalts, Mekonnnen basalts etc.

3. Shields: The morphologically prominent, shield volcanics made up of composite
stratigraphy of volcanic materials (ashes, rhyolites, trachytes, basalts) occupying
broad area. Typical hydrogeologic features are emergence of springs (some
prolific) at various locations of shield volcanoes.

2 In previous hydrogeological classification of Ethiopia (Chernet 1993) the Ashengie formation
is considered as high productivity aquifers although evidence now show that the Ashengie basalts
are the least productive aquifers compared to younger flood basalts and rift volcanics.
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Table 2.2 Summary of geological and hydrogeologic framework of the volcanic aquifers
associated with the board plateau of North western and eastern Ethiopia

Hydrostratigraphic

unit

Geologic frameworks

Hydrogeologic framework

Basal Basalt
sequence
(Ashangie
basalts)

Upper basalt
sequence
(Aiba, Alaji,
Termaber)

cross cutting dykes, deeply
weathered, low permeability,
dissected and irregular morphology,
brecciated, reddish when deeply
weathered, closer look at Ashangie
formation may reveal presence of
three zones-the lower gentle slope
forming part, the middle more
resistance layer and the upper gentle
slope forming unit. The middle part
when exposed by erosion may form
locally extensive plateau which is
normally rare in Ashangie formation
(e.g. around Upper Tekeze plains
around Lalibela and Belesa plain).
More resistant layers are thin, the
less resistance layers are mostly
scoracious, several thin beds of clay
soils are common in the Ashangie
basalts, deformed and dipping in
northern section up to 40°

cliff forming, artesian, confined,
Aiba formation contains
intercalations of rhyolitic
formations, Termaber forms or are
associated with shield volcanics,
uniform topography and flat topped,
shows columnar jointing, mostly
massif basalt but columnar jointed
layers are common, Laterally the
most extensive, layers of acidic
rocks rhyolites and tuffs are
common, paleosol layers may be
visible between the contact of
Ashangie and Aiba, flat laying

Rugged topography, thinly bedded, with Recharge takes place vertically from the

overlying upper basalt, springs are
rare, discharge takes as diffuse
discharge to slopes and leading
mostly to land sliding, cliff forming
sub layers are more productive,
contact between Lower basalt and
upper basalt is characterized by
discharge of springs, primary
porosity and secondary porosity are
highly sealed by secondary
mineralization (calcite, zeolite,
silica). Dykes crosscutting through
the lower basalt are sites of
groundwater convergence and
discharge, Rugged topography does
not allow extensive lateral size of
the lower basalt, depressions within
the rugged terrain are site of scree
slope and groundwater discharge. At
its base it is affected by
mineralization filling the fractures,
dykes and gabro-diabase intrusion.
In several sectors the Ashangie
basalts are brecciated. Field
evidence show that the brecciate
parts are characterized by lower
permeability

Dual porosity, permeable, plateau and  Recharge vertically through soil zone

and fractures, discharge to wetlands,
and spring at the margin of cliffs,
water table varies between 0 and
250 m, yield generally up to 20 I/s,
transmissivity in the order of,
groundwater occurs in joints,
fractures and scoracious layers,
Pumping test analysis and well logs
of Termaber formation show that,
the aquifer system can be
categorized as fractured aquifer
where the dominant aquifer types
are, confined-double porosity and
single plane vertical aquifer. The
double porosity aquifers are related
to deeply drilled wells reflecting
presence of large and narrow
fracture systems with high
permeability but lower storage
capacity. Transmissivity varies
between 0.5 and 1,400 mz/day. The
Ashangie formation has
transmissivity ranging between 0.5
and 85 mZ/day

(continued)
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Table 2.2 (continued)

Hydrostratigraphic ~ Geologic frameworks Hydrogeologic framework

unit

Shield volcanics The basal diameters of the shields range Recharge through fractures at
from 50 to 100 km, radiate from highlands, discharge in form of
peak and dip at an angle of 5°, springs. Prolific springs are common
compared to the flood basalts at the foot of the shields. The
rhyolites and trachytes are more intercalation of volcanic ash along
common with basaltic flows allow a dual

groundwater system whereby the
ash act as storage medium and the
fractured part act as flow conduits.
Shields dominated by acid volcanic
rocks show lower groundwater
potential (e.g. in the Bale Massif)
Quaternary basalts Related to volcanic centers, are mostly Highly productive, yield of wells reach

vesicular and scoracious, limited 20 Vs, discharge takes place to
lateral extent, associated with shield rivers and fracture springs,
volcanoes, The most extensive is Elsewhere in Ethiopia the
found in the Lake Tana Basin quaternary volcanics are highly

productive with dual porosity nature

4. Quaternary basalt sequence: Scoraceous basalt thinly bedded, central volcano
related, highly productive quaternary basalt (occurring in head waters of Ghibe,
Tepi, Lake Tana, Borena, Bale massif etc).

Vast area of the broad volcanic plateau is mainly covered by the upper sequence.
It forms gently undulating plain that receives adequate rainfall and has moderate
run-off resulting in good direct rainfall infiltration and formation of extensive and
moderately productive or locally developed and highly productive fissured aquifers.

According to earliest investigation by USBR (1964) the upper sequence is fairly
tight basaltic cap covered with slowly permeable clays, and scarcity of ground-
water outcrop in the deep eroded canyons don not suggest the presence of large
quantities of groundwater. The streams reflect only a very slow yield from
groundwater, since their flow is almost entirely depleted soon after rains cease.
However, the wells that have been dug and other observations indicate that
generally an adequate water supply for groundwater sources for domestic use
could be obtained in most locations within the basin.

Some of the older, more massive lavas, the lower sequence, can be practically
impermeable (such as the Ashangie basalts in the Upper Tekeze Valley) as are the
dykes, sills and plugs which intrude them, and the thick beds of younger air-fall
ashes that may also be extensive in some volcanic areas. However, younger lavas
(the Quaternary basalts and the Shield volcanoes) provide some of the most
prolific springs (see Table 2.3).

Groundwater occurrence in the broad Ethiopian volcanic plateau is in phreatic
condition in the weathered zone above the hard rock and in semi-confined to con-
fided condition in the fissures, fractures, joints, cooling cracks, lava flow junctions
and in the inter-trappean beds between successive lava flows, within the hard rock.
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Table 2.3 Location and discharge of major springs associated with shied volcanoes

Springs associated with shields Discharge (1/s) Volcanic shield E N

Lomi Springs 120 Choke

Jiga 400 Choke 372269 1040679
Sanka 70 Abune Yoseph 546289 1320128
Bure Baguna 30 Choke 288084 1184475
Bahir Timket 1,045 Debretabor 354299 1304392
Tankua Gebriel 28 Debretabor 355074 1309388
Debark 20 Simen 379314 1459196

A feature of volcanic areas is the prevalence of springs which develop at the
basal contact of the shield sequence and the upper basalt cap. Volcanic spring
discharge rates are generally <0.1 1/s but may be adequate for a village water
supply. Exceptionally high spring discharge from volcanic highlands exceeds
100 1/s. These happens when discharge is taking place from lava tubes or when
regional groundwater flow emerge to the surface along the foot hill of vast
volcanic shields (Table 2.3). The quaternary basalt sequence provides some of the
highest yielding shallow aquifers in Lake Tana basin (Fig. 2.1). Springs flowing
from volcanic rocks (e.g. Lomi Wuha spring Fig. 2.4) are the source of water
supply in Bahrdar-Capital of Amhara regional state (Fig. 2.1 for location of
Bahrdar). Most of the springs emerging from tertiary volcanic rocks are topo-
graphically controlled and others emerge along structures indicating that the
groundwater flow is controlled by both factors.

Infiltration is particularly good in areas where the plateau is covered by thick
elluvial sediments. Aquifers outcropping in the plateau area also feed deeper
fissured aquifers developed in underlying volcanic and sedimentary rocks.

The groundwater flow direction in the whole basin coincides with the topog-
raphy following the surface water flow direction. The flow is partly controlled by
the structure and partly by the geomorphology of the area. Local groundwater flow
directions vary from place to place according to the local topography.

The altitudinal zonality in groundwater discharge distribution is observed in
volcanic rock areas. Generally the basal (Ashangie) unit (lower basalt) shows the
least groundwater potential owing to closure of the porosities by deep weathering
and isolation of the unit from recharge by overlying cap. The upper sequence of the
basalt which forms the ‘plateau proper’ has highest groundwater storage and
recharge owing to well developed fractures and connection to modern day recharge.
The broad shield overlying the plateau is highly rugged hindering any meaningful
accumulation of groundwaters, nevertheless ash beds intercalated within the shield
volcanics act as storage medium while the fractured rocks as a permeable medium
through with groundwater move. These properties when combined locally results in
emergence of sustained and high discharge springs (Table 2.3 and Fig. 2.4).

Rainfall is also highest in the areas covered by upper sequence of the basalt (top
units of flood basalts) and increases towards top of shield volcanoes. The basal unit
(Ashangie) is mostly found in the rain shadowed northern Ethiopia (e.g. The
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Tekeze valley) leading to lower recharge rates. Thus, the altitudinal climatic
zonality determines the potential possibility of replenishment of groundwater
resources. The upper basalt units exposed in the south western Ethiopia (Fig. 2.1)
are also located under highest rainfall condition leading to well developed rego-
liths which allow shallow groundwater circulation and storage and enhanced
recharge. This general picture of the zonal distribution of groundwater potential in
the volcanic plateau may be disrupted in some areas by the azonal manifestation of
individual factors of conditions such as alluvial deposits, regional structural
disturbances (e.g. In the YTVL, Lake Tana basin, Belesa plain, Lalibela plain,
Sekota plains groundwater potential is much higher than the surrounding owing to
tectonic structures and presence of alluvial materials).

Analysis of extensive pumping test data shows that the top part of the upper basalt
sequence (traditionally called the Termaber formation) has been categorized as
consolidated fractured aquifer system where the dominant aquifer types are ‘confined
double porosity’ and ‘confined single plane vertical fractured’ aquifers. The observed
double porosity aquifers are mainly related presence of two fracture systems; the first
are large and wide fractures of high permeability and low storage capacity and the
second is; the matrix blocks of low permeability and high storage capacity. Depth
wise and age wise transmissivity variation analysis shows that the younger trap
basalts have higher aquifer productivity than the older and both the older and younger
volcanic products shows decreasing aquifer productivity trend with increased well
depth (Gebresilassie 2010). A closer look at the structure of upper basalt sequence
reveals the presence of heterogeneity. The more massive flows are generally
impermeable, although the junctions of many flows can be highly productive, as they
may contain shrinkage cracks and rubbly zones caused by the covering over of the
rough surfaces of the lava by the chilled bottoms of the next flows.

Little work exists on the hydrogeology of the broad volcanic plateau of the
South Eastern Ethiopia. However it is observed that the behavior of the aquifers in
that sector is similar to those in the North Western Plateau. The Shield volcanics of
Bale Massif manifests emergence of several high discharge springs. The Quater-
nary basalts occupying the vast plain around Robe, Goba and Goro are highly
fractured and productive. The acid volcanic products forming the shield are
however of low productivity aquifers.

2.2 The Shield Volcanics (Choke, Guguftu, Simen,
Guna and Batu etc.)

Geology

The Ethiopian Plateau is made up of several distinct centers of different ages
(Figs. 2.3 and 2.4). The Choke Mountain is one such shield. A number of large
shield volcanoes developed on the surface of the volcanic plateau cap the flood
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Fig. 2.3 Distribution of shield volcanoes

basalt province of northern Ethiopia. These volcanic shields are a conspicuous
feature of the Ethiopian Plateau and distinguish it from other well known, but less
preserved, flood basalt provinces such as the Deccan and Karoo (Kieffer et al.
2004). The basal diameters of the shields range from 50 to 100 km and the highest
point in Ethiopia, the 4,533 m high peak of Ras Dashen (Simen Shield, Fig. 2.4),
is the present summit of the eroded Simen Shield. Although smaller in diameter,
the summits of many of the other shield volcanoes also exceed 4,000 m. Mt Choke
has a basalt diameter of over 100 km and rises to 4,052 m, some 1,200 m above
the surrounding flood volcanics. Guguftu is more highly eroded and its original
form is difficult to discern (Kieffer et al. 2004).

Type examples of continental flood basalts, such as those of the Deccan and
Karoo provinces, are described as thick, monotonous sequences of thick, contin-
uous, near horizontal flows of tholeiitic basalt. In contrast, the Ethiopian province
reveals a series of flood basalts overlain by large and conspicuous shield volca-
noes. Owing to the young age of the flood basalt volcanism of the Ethiopian
plateau, the upper most section of the flood basalts including the shields are well
preserved while in other flood basalt provinces (e.g. Deccan trap), are higly eroded
and lateralized.

The Choke shield is one of the three major shield volcanoes enclosed within a
large meander of the Blue Nile. It is a broad flat symmetrical shield made up
dominantly of lava flows and extends radially out from the central conduit with
dips less than 5°. The contacts between different lava flow units leads to enhancing
permeability and storage properties of the shields.
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Fig. 2.4 Location of some prolific springs associated with the shield volcanoes

Hydrogeology and Groundwater Occurrence

In the shield volcanoes, the interlayer of acidic lava and ash components with
fractured basaltic layers create a unique feature for groundwater storage in move-
ment. In the shields where lavas alternate with air-fall ash, productive two-part
aquifer systems has been encountered as revealed by discharge of high yield springs
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Fig. 2.5 Hydrogeolgic section showing the origin of the Jiga spring (cross section after Kieffer
et al. 2004)
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Fig. 2.6 Hydrogeologic cross section showing the origin of the Debark springs (cross section
modified from Kieffer et al. 2004)

(Table 2.3). Highly permeable but rubbly or fractured lavas act as excellent conduits
but have themselves only limited storage. Leakage from overlying, porous but poorly
permeable, volcanic ash compensates for this by acting as aquitards, and is the
storage medium for the system. Figures 2.5 and 2.6 show schematic model of
emergence of prolific springs associated with shield volcanoes.

Apart from the significance of these prominent geomorphic characteristics of
the shield volcanoes in the groundwater recharge and circulation, the structure of
the lava flow units make the shield volcanoes a distinct hydrogeologic units as
compared to the underlying horizontally lain flood basalt plateau. The lava flows
the shield volcanoes are thinner and less continuous than the underlying flood
basalts. This leads to the close association of spring emergence at frequencies with
the shield volcanoes. One of the largest discharge spring recorded in Ethiopia (Jiga
Springs) emerges at the foot hill of the Choke shield volcano (Figs. 2.4 and 2.5).
Assasa spring at discharge of 500 I/s emerges at the foot hill of Arsi-Bale
mountains (east of Mt Kaka, Fig. 2.4) in South Eastern Ethiopia.
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The Jiga spring is located within the area occupied by geographically young
lava flows, originating from recent volcanic craters higher on the mountain slope
north of the spring eye (Fig. 2.5). This late phase of volcanism spread a veneer of
basaltic lava along the previously eroded slopes and valleys forming wide or
broad, gently sloping land area. The Jiga springs are believed to emerge to the
surface being forced by subsurface water flowing over impervious bedrock (upper
basalt sequence) materials. The same emergence model has been proposed for
other springs associated with the shield volcanoes (e.g. The Bure Baguna springs
emerge to the surface being forced by permeability difference between the upper
basalt aquifer and underlying Mesozoic sandstones). A number of other springs are
noted along the foothill of such volcanoes. These include the Sanka spring in the
foothill of Abune Yoseph shield, the Debark Springs at the foothill of the Simen
(Fig. 2.6), the Wanzaye and Gurambaye springs at the foothill of the Guna shield
in the Lake Tana basin.

Particular limitation of groundwater use associated with high rising shield
volcanoes is that frost and rime are frequent during the dry season excluding the
plantation of most tropical crops.

2.3 The Lake Tana Basin
Geology

Unlike most part of the head water system of the Blue Nile basin (dominantly
covered by upper basalt sequence) the Lake Tana basin is characterized by
complex lithologic and tectonic features. The main geologic features of the basin
are subsidence and block fault formation, accumulation of Miocene organic rich
sedimentary rocks, Plio Pleistocene basin volcanism and late quaternary volcanic
activity and recent lacustrine and alluvial deposition along the margin of the lake.
Geothermal system also exists in an otherwise tectonically stable part of Ethiopia.

According to Chorowicz et al. 1998, Lake Tana basin is situated at the junction
of three grabens (Fig. 2.7): the Dengel Ber (buried), Gondar (exposed by erosion)
and Debre Tabor (reactivated). This structural complex was notably active during
the build-up of the mid-Tertiary flood basalt pile, into which the Tana basin is
impressed. Fault reactivation occurred in the Late Miocene—Quaternary, accom-
panied locally by predominantly basaltic volcanism. Fault-slip indicators are
consistent with crustal subsidence centered on the present morphologic basin.
Concentric and radial dike patterns common features in the Tana region.

The northwestern Plateau of Ethiopia is almost entirely covered with extensive
Tertiary continental flood basalts that mask the underlying formations. Mesozoic
and Tertiary sediments are exposed in a few locations surrounding the Lake Tana
area suggesting that the Tana depression is an extensional basin buried by the 1-
2 km thick basalt sequences. However a most recent study by Hautot et al. 2006
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Fig. 2.7 a Simplified geologic map of the Lake Tana Basin

using magneto telluric imaging that carried out south and east of Lake Tana
revealed that there is a consistent NW-SE trending sedimentary basin beneath the
lava flow (Hautot et al. 2006). And the lave flow in the Tana plains is merely
250 m think (Fig. 2.8). The thickness of the sediments has been estimated at
1.5-2 km, which is comparable to the Blue Nile stratigraphic section, south of the
area. The thickness of sediments overlying the Precambrian basement and
underlain 0-250 m thick continental flood basalts averages 1.5-2 km, which is
comparable to the Blue Nile stratigraphic section, south of the area. A km
thickening of sediments (middle of Fig. 2.8) over 3040 km wide section suggests
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Fig. 2.8 Schematic geological cross-section interpreted from the resistivity model (adopted from
Houtot et al. 2006)

that the form of the basin is a half graben (Hautot et al. 2006). The presence of
Mesozoic sediments beneath the volcanic cover has been previously postulated
from groundwater geochemistry and isotopic investigation in the Lake Tana basin
(Kebede et al. 2005). Particularly the carbon isotope data of a spring (Andesa near
Tis Abay fall) reveal signature of marine carbonate testifying the presence of these
sediments underneath the volcanic cover.

Hydrogeology and Groundwater Occurrence

There are at least four major categories of aquifers in the Lake Tana basin these are
the Tertiary volcanics (upper basalt sequence and shield volcanics), Quaternary
volcanics, Miocene sediments, and the alluvio lacustrine sediments. Groundwater
flow is mainly controlled by regional tectonics associated with the formation of the
Lake Tana graben itself.

e The alluvial aquifer is recharged from lateral groundwater inflows from the
volcanic aquifers from the upper catchments. The aquifer is discharges to Lake
Tana during low Lake level and to evapotranspiration from the wetlands.

e The volcanic aquifer of quaternary vesicular basalt is recharged from rainfall
and most of its recharge water later discharges to springs, wetlands, streams and
directly to the southern sector of Lake Tana.

e The Tertiary scoraceous basalt is recharged from rainfall within the Lake sub-
basin principally discharges to springs and streams.

Groundwater occurrence and yield: According to the Hydrogeological study of
Abay River Basin Integrated Development Master Plan Project (BCEOM 1999),
the Tertiary basalts and recent lava flows which are widely distributed in the Tana
sub basin are grouped as extensive aquifer with fracture permeability.
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The maximum average depth drilled in this formation is about 120 m. The water
point inventory data (BCEOM 1999) shows that the average depth of boreholes
drilled in this rock unit is in the order of 70-80 m. Yield from the Tertiary basalts
is estimated at 13 1/s.

The Miocene Lacustrine deposit extensively lies in the northern part of Lake
Tana and occupies the localities known as Chilga-Gondar graben. These sediments
are composed of clay, silty claystone, silty sandstones volcanic ashes, and lignite
beds. Bore hole drilling result shows that the thickness of Lacustrine deposit
reaches 90 m and it is underlain by volcanic rocks. Wells drilled in these sedi-
ments turns out to be dry.

The dominantly scoraceous and fractured quaternary basalts underlying most
part of the Gilgel Abay sub catchment (Fig. 2.7) show the highest groundwater
potential as measured by its high infiltration capacity (20 %) and hydraulic
properties. Many high discharging springs emerged from this rock unit act as base
flow for Gilgel Abay River, which drains to Lake Tana. Areke and Lomi Wuha
springs are high yielding springs, which currently serve as water supply for
Bahrdar town, have a discharge rate of 120 and 50 I/s respectively.

Alluvial sediments are commonly distributed along the mouth of the Megech,
Rib and Gilgel Abay Rivers. Alluvial sediments have limited distribution within
Lake Tana sub-basin dominantly at the eastern and northern side of the Lake. The
thickness reaches more than 50 m. There is a progressive fining of the sediments
as one go from the foot of the mountains towards the lake shore. Bore hole drilled
(depth 53 m) for Woreta town (Fig. 2.7) showed significant discharge with rela-
tively low drawdown (Q = 7 /s, drawdown = 4 m).

According to SMEC (2007), the aquifer transmissivity and yields of the sedi-
ments are relatively low and the aquifer properties are highly variable laterally. It
is considered that even with a combination of wells, the yields required to meet the
demands of a large scale irrigation development are unlikely to be achieved from
the aquifers in most areas. The general conclusion is that there would be inade-
quate resources available for large scale, sustainable groundwater based irrigation
development. However there shallow groundwater can be economically extracted
and used for household and small scale commercial farming activities.

Geothermal waters are also noted in the Lake Tana graben. The most prominent
ones are the Wanzaye thermal waters and the Andesa springs on the Bahrdar to Tis
Isat Fall. The thermal waters are associated with heating related dykes penetrating
through the basin aquifers (see Figs. 2.7 and 2.8).

Aquifer property: The upper basalt sequence and the shield volcanic aquifer
system is scoraceous in nature in most parts. Transmissivity values from pumping
test results are with the interval of 6-40 m*day. SMEC (2007) report shows
transmissivity of the Tertiary basalts varies from 0.1 to 32 m*/day. The produc-
tivity of this aquifer is highly controlled with intensity of the fracture and the
presence of the major structure affecting the area. It is aquifer with a relatively
moderate productivity. The Yields of Tertiary volcanic aquifers are in the order of
0.7-17 /sec. Specific capacity ranges are generally low, with average values of
0.25 and 0.27 I/sec/m (SMEC 2007).
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Quaternary basalts are the most productive aquifers system which is characterized
with plenty of vesicles and highly weathering. The relative occurrence of high
discharge springs and wells implies its potential for bearing of high ground water.
The major springs of Areke and Lomi emerge from this aquifer unit with 140 and
50 1/s respectively.

The productivity of alluvial aquifer is associated with the pores of unconsoli-
dated gravels and sand. The available data on this aquifer indicate high produc-
tivity with boreholes yielding more than 6 /s with from shallow depth.

Groundwater flow: Groundwater level data (SMEC 2007) show convergence of
groundwater into the lake from all directions. Groundwater surface elevation
contour shows that groundwater elevation generally follows the ground surface
contours with the groundwater flow directions largely consistent with the surface
water catchment boundaries (Fig. 2.9). High groundwater heads occur in the south
and east around the two shield volcanoes of Mt Choke and Mt Guna with the
hydraulic gradient radiating from these points. Elsewhere around the eastern and
western basin margins, there is a steep hydraulic gradient towards Lake Tana
flattening on the plains adjacent to the lake. The hydraulic gradient in the Ribb and
Gumera catchements is relatively steep at around 0.02 although it appears to be a
relatively even grade in the direction of the Lake. In low lying areas, particularly
the plain east of Lake Tana there is a sharp reduction in head and lower hydraulic
gradient (approximately 0.01) beneath the plain. A similar situation occurs in the
Megech valley where the hydraulic gradient flattens out in the low laying areas
from 0.02 around Gondar to 0.006 beneath the plains. In the Gilgel Abbay, the
groundwater gradient reduces from around 0.02 in the south to around 0.005 in
lower laying areas approaching Lake Tana. East of the Gilgel Abay, as the
topography drops sharply into the Abay River, the hydraulic gradient steepens. As
noted previously, it is expected that groundwater is close to the ground surface in
the downstream parts of Gilgel Abbay, with discharges to high volume springs and
also to low lying swampy areas. The groundwater elevation flattens in the lowland
areas around the Lake and it is considered that groundwater level in these areas is
likely to be controlled by the discharge to streams. There is a potential for water
logging in low lying areas away from the drainage lines as the piezometric level
approaches the ground surface. It is expected that this level will be controlled by
evapo-transpiration. Areas prone to flooding largely coincide with areas in which
the groundwater gradient decreases.

Groundwater lake water interaction shows that groundwater contributes less
than 7 percent of lake water budget (Kebede et al. 2006). The low contribution of
groundwater to the lake may be due to the thick exceeding 80 m stiff clay
underlying the Lake Tana bed. Isotopic evidence (Kebede et al. 2006; 2011)
precludes the presence of appreciable amount of groundwater leakage from the
Lake to adjacent aquifers.

Base flow as index of recharge: Stream hydrograph analysis results in the upper
Blue Nile basin shows that about 15 % of annual flow is derived from shallow
groundwater. However, for some catchment it reaches 44 %. Kebede et al. (2011)
and references therein) indicated that about 45 % of the total surface water inflow
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Fig. 2.9 Some hydrogeological features of the Lake Tana basin (water table map in meters
above sea level) numbers inside circles are specific discharge of the sub basins

to Lake Tana (about 500 mm/year) is derived from ungauged basins. The annual
recharge into the basin, which is obtained from integrated methods (chloride mass
balance, base model, base flow separation, etc.) varies between 70 and 120 mm/
year. Hence, the annually renewable groundwater recharge is estimated to vary
between 1.2 and 2 billion m®. Table 2.4 and Fig. 2.9 shows the highest ground-
water contribution to surface waters (or indirectly high recharge) takes place in the
Gilgel Abay sub catchment while the lowest is in Rib. The Gilgel Abay drains the
high rainfall highlands in the south and is underlain by porous quaternary basalts—
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Table 2.4 Summary of base flow index for the sub catchments of the Lake Tana basin (BCEOM
1999)

Sub basin  Station Latitude Longitude Catchment Area (sz) Groundwater
specific
discharge (mm/year)

Gilgel Abay Bahir Dar 11 22 37 02 1,664 305

Koga Merawi 11 22 37 03 244 203

Rib Addis Zemen 12 00 37 43 1,592 35

Gumara Bahir Dar 11 50 37 38 1,394 90

Megech Azezo 12 29 37 27 462 55

reasons for high groundwater contribution to surface waters while the Eastern sub
catchment, Rib drains the Debretabor shield which has lower hydraulic
conductivity.

Groundwater Surface Water Interaction and Wetlands

There are a number of wetlands and groundwater dependent ecosystem in the Lake
Tana catchment. Most of these wetlands remain green even in the dry seasons. The
wetlands are depressions formed by volcanic topography or by tectonic depres-
sions. The plains surrounding the lake (Fig. 2.9) form extensive wetlands during
the rainy season. As a result of the high heterogeneity in habitats, the lake and
surrounding riparian areas support high biodiversity and are listed in the top 250
lake regions of global importance for biodiversity (SMEC 2007). In some places,
close to the lake shore there is extensive growth of papyrus (Cyprus papyrus). The
littoral zone (depth 0—4 m) of the lake, which comprises water logged swamps, the
shallow lake margins and the mouths of rivers feeding the lake, is relatively small,
covering about 10 % of the total surface area.

Lake Groundwater Interaction

An earlier investigation of Lake and ground water interaction is predicted by
isotope geochemical studies of groundwater in the vicinity of the Lake which show
little evidence of mixing lake water with the adjacent aquifers (Kebede et al. 2005
and Kebede et al. 2011). The same study predicted less than 7 % Lake Inflow is
from ground water. The study also shows possible but unverified inflow of
groundwater inflow to the Lake in the southern part from the quaternary sediments
into the rocky lake bottom around the town of Bahrdar. The linkage of ground-
water outflow or inflow from the Lake is probably limited by the thick and stiff
clay sediments occupying the Lake bed. Drilling the middle of the Lake shows that
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the thickness of sediments in the Lake Tana floor exceeds 80 m and is composed
of stiff clay and silt.

The analysis of the SMEC (2007) with assumption of an average lake level of
1,785 m and even with an underlying head of say 1,800 m, the vertical leakage
through the 80 m thick clay, with a vertical hydraulic conductivity of 0.0001 m/
day would suggest a leakage rate of 7 mm/year (58,397 m>/day).The assumption
take a head in the aquifer beneath the lake with a relative high magnitude, but
vertical leakage to and from the lake into the underlying aquifer is considered
negligible. The prevailing low hydraulic gradient in areas surrounding the Lake
does not likely lead to significant lateral leakage into or out of the lake. Applying
the regional gradients from the groundwater elevation contour ranging from 0.02
to 0.005 towards the lake, assuming discharge into the lake from a 50 m thick
aquifer with hydraulic conductivity of 1 m/day, the discharge into the lake will be
less than 1 mm/year (8,342 m3/day) SMEC (2007). In summary the inflow to the
lake from vertical leakage through the clay materials and lateral inflow from the
aquifers is estimated at 66,739 m*/day, which is inconsiderable compared with
direct rainfall on the Lake and surface water flow to the Lake.

2.4 The Upper Tekeze River Basin and Associated Massifs
Geology

The Upper Tekeze area is marked by prominent uplifting, massif volcanoes, deep
dissection and erosional fragmentation. The basin has undergone several changes
in base level of erosion and stream geometry. The boundaries of the basin are
defined by prominent regional structures (the rift margin from east, the Lake Tana
graben from south and west, and the basement foliation from north) and prominent
shield volcanoes (e.g. Simen, Guna, Debre Trbor, Abune Yosef etc.).

The basin is underlain be the basement complex at the base (composed of low
grade meta-sediments and metavolcanics), the Mesozoic sediments mainly com-
posed of sand stones and marine sequences, and extensive think Cenozoic volcanic
cover (Fig. 2.10). Quaternary Climate change has also left its imprints as lacustrine
sediments and glacial moraines. The marine sequences are localized to the north
eastern sector of the upper Tekeze basin. The extension under the volcanic cover of
the Mesozoic sediments, in the south though indirectly indicated, is yet to be
proved-thought the regional E-W geologic cross section by USBR (1964) shows the
presence of the Mesozoic sedimentary rocks under the volcanic cover (Fig. 1.3).
However a deep well drilled recently to a depth of 500 m around Guhala town
(Fig. 2.10) does not encounter the Mesozoic sediments.

Most of the outcrop in the Upper Tekeze basin is underlain by volcanic pile
accounting for 80 % of the landscape. The volcanic eruptions come in four major
formations, all diachronous: from bottom to top, Ashangie (Eocene), Aiba
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Fig. 2.10 Geologic map and some water resources feature of the of the upper Tekeze upper river
basin

(32-25 Ma), Alaji (32-15 Ma) and Termaber (30-13 Ma) (Mohr 1983; Mohr and
Zanettin 1988). According to the new stratigraphic classification the four units are
classified in two folds as the basal unit (Ashangie) and upper unit (containing the
remaining three formations). The whole volcanic sequence has been emplaced with
no apparent development of paleosol and erosional surfaces (Rochette et al. 1998).”

The basal sequence (Ashangie) is basaltic formation marked by its deep
weathering, thin layering (<10 m), rugged and gentler topography and cross
cutting sets of dykes. There are minor acid products (such as volcanic ash, rhy-
olites, and ignimbrites) in the Ashangie formation. Individual flows are discon-
tinuous laterally and have irregular thicknesses. Intrusions of diabase and dykes
are common in the Ashangie formation. In the north central sector extensive quartz
and opal mineralization owing to paleo thermal groundwater circulation has been
noted. In most parts brecciated materials has been noted in the Ashangie

3 1t should be noted that in the new classification and modified hydrogeological map of Ethiopia
the trap basalts are classified as Lower basalt (traditionally called Ashengie) and the Upper basalt
(Aiba, Alaji, Termaber).
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formation. The most extensive breccia has been observed in the Weleh valley
south of Sekota town at the foot hill of the Amdework ridge. Evolved acidic
product is minor in the Ashangie formation.

By contrast, the Aiba formation is a succession of massive cliffs corresponding
to thick (10-50 m) basaltic flows (Rochette et al. 1998). The Aiba and Alaji for-
mations are marked by their relative freshness, thick layering, and cliff forming
topography. Frequent lacustrine deposits have been marked in the Aiba formation
as evidenced by lenses of diatomites and porcelain lithologies particularly
surrounding the Sekota complex. The Termaber formation is marked by its jointing,
thick layering, cliff forming topography with flat tops.

Among the Mesozoic sediments the Adigrat Sandstones are the most
predominant formations in the Upper Tekeze. Exposure of the Marine Antalo
sequence is limited to the North Eastern part. In a few pocket areas in the Weleh
Valley metamorphosed limestone of a few meters thick has also been noted. The
contact between the Adigrat sandstone and the underlying basement is charac-
terised by white reddish coarse breccia with abundant clastic materials coming
from the weathering of the schistose basement and characterized by a dimension of
tens of centimetres. In places between the Adigrat sandstone and the basement the
Palaeozoic sandstones (Enticho sandstones) have also been observed. When cut by
rivers the Adigrat sandstone form vertical cliffs often of several hundred meters
thick.

The Adigrat Sandstones represent the basal horizon of the Mesozoic sedi-
mentary sequence of the Central and Northern Ethiopian Plateau. The Adigrat
sandstones are generally reddish in colour and very compact near its top part.
Generally the sandstone is characterized by a prevailing quartz component, often
also silicate with abundant feldspars content, but not as much clay. In some
localities highly weathered phyroclastic layers constituted by white grey ash fall
tuffs, settled within an environment characterized by the occurrence of a free water
surface have been noted.

The Adigrat Sandstones are mainly constituted by clasts of quartz, feldspars,
micas, tourmaline, etc., typical components of the granite and diorite rocks and
crystalline schists, but also by fragments of the same rocks. The most abundant
mineral occurring in these rocks is undoubtedly the quartz, with associated micas
and heavy minerals, while the feldspars are quite subordinated. The quartz grains
are mainly sharp cornered, but rarely are they also round shaped.

The Undifferentiated volcanic and associated dolerites. These are formations
occupy the areas between Sekota and Tsirare River on the road between Sekota
and Samre. The dolerites often come as intrusions and in places they form isolated
circular domes and cones. The Dolerite volcanics are highly jointed and the
columnar joints are narrowly spaced. This makes them highly fragmented-
fragments of fresh and hard dolerites. In this formation there are several lacustrine
diatomites and porcelinaites of different sizes.
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Tectonic Structures

Regardless of its location in the center of the Ethiopian plateau, which is otherwise
known as tectonically stable, the upper Tekeze is cut by prominent regional faults.
For example the NW-SE running Tsirare River follow a regional fault that cut the
Abune Yoseph Mountain and intersect with the Afar rift margin around Woldia
area. Dyking and dyke swarms are also common features. Complex tectonic and
stratigraphic features are also noted in the north central part of the area surrounding
the Sekota district. The complexity in stratigraphy is the direct impression of the
tectonics processes.

The boundaries of the Upper Tekeze drainage basin are formed by prominent
regional tectonic. From the East Tekeze drainage is bounded by rift margin faults;
to the west by the Chilga-Gondar sub rift of the Lake Tana structure; to the south
by the Debretabor sub-graben of the Lake Tana rift. In its central part it is cut by a
prominent NNW-SSE running Tsirare fault system. Within its bounds the Upper
Tekeze is characterized by presence several dyke swarms, fractures, faults and
regional slumps which are the manifestations of the basin boundary tectonics. The
Tekeze River also runs N-S following a regional tectonic feature originating as far
north from the Mekelle Outlier. The major curved shape valley dissecting the
Simen massif also taught to be the result of regional slump.

Several prominent faults belonging to the Lake Tana graben (the northern
extension of the Chilga-Gondar sub rift), the rift domain and the E-W structures
dissect area. The intensive erosion however has masked most of this geologic
structure therefore evidence for faulting mostly comes from interruption in lateral
discontinuity of lithologies. The NNW-SSE running major tectonic feature (Tsirare
fault) dissect the upper Tekeze into two and pass just east of the Abune Yoseph
massive pile. The spring with the highest discharge (Sanka spring—see Fig. 2.4)
recorded in the area emerge on the southern extension of the Tsirare fault. In the
Eastern part of the Upper Tekeze river, the drainage which should have been oriented
E-W because of the flexuring of the rift margin is now draining NW owing to the
Tsirare fault system. Dolerites cones and domes also crop out at the NW end of the
Tsirare fault. A number of NW-SE running faults are also observed in the Sekota
area. The faults are responsible for block rotation, lateral disruption of lithologies,
and emergence of springs in the area. The tectonic features are described as follows:

The North Lake Tana graben bounding from west. North South running fault
system which makes part of the Lake Tana basin, responsible for the conveyance of
groundwater from the RasDashen massive towards the Debark Debat plain. These are
the north ward extension of the Chilga and north Tana sub-grabens. Faults belonging
to this regional tectonics mark the western boundary of the Tekeze drainage.

The Debre Tabor graben bounding from south west. East—west running parallel
faults affecting the drainage divides between the Lake Tana and the upper Tekeze.
The DebreTabor sub graben runs E-W for nearly a 100 km. Several faults
belonging to this regional tectonics are noted in the south western part of the
Tekeze. The prominent fault bounding the Debretabor graben from north is also
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responsible for the formation of the half graben around Ibnat town. The Ibnat half
graben is locally filled by 5-10 m thick alluvial sediments. The mountains
bounding the Belesa plain from south form the northern margin of DebreTabor
Subgraben.

The Tsirare fault dissecting the North Eastern part: Deep regional fault running
NNW-SSE and responsible for the emergence of the Sanka springs (50-60 1/s)
near Woldia.

The Sekota complex structures: These are mainly NNW-SSE running fault
systems pre-dating Cenozoic volcanic activity or contemporaneous with them.
Responsible of permeability contrast between lithologies, juxtaposition of rocks of
contrasting ages, rotated fault blocks. The Sekota complex is probably an old failed
rift of ‘basin and range’ characteristics the original topography of which is masked
by young volcanics and recent tectonism. The prominent fault among the Sekota
complex structures is the regional fault that run SSE ward from around Sekota and
run towards Hamusit town. IN this region complex stratigraphy including juxta-
position of metamorphosed limestones and sandstones with the Cenozoic volcanics
is probably related to these structures. The orientation of the May Lomi River north
of Sekota also follows this regional structure. This sub-region is characterized by
complex stratigraphy variously tilted sedimentary formations overlying and
underlying igneous rock units. Horizontal stratigraphic lithologic interfaces, tilted
beds and tectonic contacts which are also affected by faulting and dyking, doleritic
intrusions, engulfing and pushing up older sequences are very distinctive.

Dyke Swarms and other lineaments: Commonly observed in southern part of the
upper Tekeze area particularly in the Simeno valley near Lalibela and in the foot
hill of the DebreTabor and Guna shields. The dyke swarms are the manifestations
of the boundary faults and are related to tectonic events.

The Basement structures: These are mainly a N-S running regional faults and
associated E-W striations developed on the Basement outcrops in the northern
sector of the region. Folds, foliations, faulting have been noted in the basement
complex; all associated with continental scale deformation.

In most part of the Upper Tekeze area where the Adigrat sandstone is exposed, it
is overlain by the Cenozoic volcanics or by upper sandstone (sometimes also called
Tekeze sandstones). The absence of the Antalo sequence is not surely due to full
erosion of the calcareous and clayey layers, but more properly to their lack of
deposition by means of the notable palacogeographic and environmental continuity
which has characterized the whole area not allowing any other sedimentation if not
that of the sandy materials.

Drainage and Hydrography

The upper Tekeze basin is generally water stressed dissected highland. The present
day water stress in the Tekeze basin is the outcome of general drying and erosion
fragmentation of the plateau and lack of suitable drainage and geomorphologic
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Fig. 2.11 Geomorphic
features of the Upper Tekeze
river basin. Note that the
highland in the Southeastern
part of the area is the most
water stressed owing to its
geomorphology and rain
shadow effects. The twin
summits in the north western
sector is the Simen (Ras
Dashen) massif

features for storage of surface and groundwaters (Fig. 2.11). Regardless of this
generally a number of potential areas exist to store and transmit groundwaters
particularly at deeper levels. The basin is occupied by several denuded shield
volcanoes (Rasdashen, Abune Yoseph, Guna, and DebreTabor). These volcanoes
play prominent role in controlling the drainage pattern. The Simen, DebreTabor
and Guna diverts the surface water to converge in the Main Tekeze river which
runs S to N. Separate from this is the Tsirare water shed which runs NW starting
from the Abune Yoseph mountain. The pattern of the Tsirare River itself is
controlled by a NW-SE running regional fault. The southern western margin of the
Upper Tekeze is bounded by the Northern boundary of the DebreTabor Graben
which runs towards Lake Tana. North of DebreTabor for instance E-W striking
faults with a morphologic expression indicating southerly down throw can be
traced further east, where they turn to ESE-WNW before termination against
the Guna Shield volcano. The faulting then reappears on the southeastern flanks
of the shield.

Mean long term denudation rate for the Tekeze basin since the emplacement of
the volcanics and onset of erosion is estimated at 0.03 mm/year (Pik et al. 2003).
More than 85 % of the project area has slope greater than 60° indicating the major
part of the area is dissected, cliffs with minor small often less than 1 ha inter-
mountain valleys available for agriculture. Out of the less than 15 % area with
slope less than 60; the Belesa plain (Fig. 2.10) and plains in the Lalibela
(e.g. Simeno valley) area account for the major part. The rest are small patches of
land such as landslide or talus slopes, riverine terraces, and tops of dissected
plateaus, tectonic depressions or intermountain valleys.

Tectonic features also affect the drainage pattern in the region. The prominent
example is the trend in Tsirare River which follows NNW-SSE structure, probably
reactivated Mesozoic rift. Likewise, uplifting owing to fault plane movement
affecting river channel depth observed on the Siska drainage system whereby deep
erosional river morphology is observed upstream of a fault scarp while the
downthrown part shows slightly dissected river channel.
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Fig. 2.12 Plate showing alluvio-lacustrine sediment and associated spring travertines in the
Belesa Plain (a and b) and thick alluvio lacustrine sediments in the Taba village East Central
Tekeze (c) and gully erosion in the Ashangie plain probably indicating lowering of water table
probably staring 17th century owing to the lake Holocene drying

Geomorphology and Environmental Change

The regional geomorphology is dominated by the massif volcanoes which are also
responsible for the drainage patterns (Fig. 2.11). The Simen Massif, the Abune
Yosef Massif and the Guna Shield are prominent Volcanoes. In addition to their
role as major controls on drainage control the volcanoes also are responsible for
rainfall redistribution in the Upper Tekeze area.

Regions adjacent to the Upper Tekeze undergo remarkable Holocene climate
changes as documented in valley fill sediments in the Tigray region (Nayssen et al.
2003; Mechado et al. 1998) lake level data in from sediment proxies in the rift
(Gasse 1977) and in sediment beneath the lake Tana sediments (Lamb et al. 2007)
Although evidence lack from dated sedimentary records in the Tekeze there are a
number of imprints and indicators of climate and base level changes in the Upper
Tekeze (Fig. 2.12). Notable among these are the 30 m thick alluvial-lacustrine
sequence in the South Western corner of the Tekeze basin (namely the Belesa
plain); the pockets of spring travertine deposits dotting the region; and the alluvial
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sediments in several sectors (e.g. around Taba village in the central highland). That
most of these paleosediments lack major incisions could be indicative of their
formation in the recent epoch probably belonging to the climate changes in the
Holocene. Dates on the travertine occurrences in the Upper Tekeze basin is lacking
but their geomorphic characteristics and stratigarphic position suggest similar
genesis as that of other travertine sequences elsewhere in northern Ethiopia. For
the past 1,000 year, and in particular since the early 17th century, stratigraphic
records together with historic chronicles suggest increasing aridity. Pediments
dissected by gullies common in many areas in upper Tekeze (Fig. 2.12d) are
indicative of these general drying.

Hydrogeology and Groundwater Occurrence

The major reason for lower groundwater storage in the Upper Tekeze is the
erosional fragmentation of the plateau and fragmentation of the aquifers into small
sizes with no meaningful storage volume. Suitable locations where extensive
aquifers could exist include the Lalibela area, the Belesa and Sekota areas
(Fig. 2.12).

The volcanic rocks particularly the Upper basalt sequence are important aquifers
in the Upper Tekeze area. These rocks, which, form the western and eastern high-
lands, bear considerable amount of secondary porosities resulting from the effects of
extensive weathering, jointing, faulting and fracturing. Emergence of springs of
significant discharge from these basalt sequences suggests the productivity of the
Aquifer systems.

Field evidences on recharge and discharge zonation, description of topographic
and geological and structural features, conventional evidences such as springs, tree
lines, wet grounds etc. allow the identification of the groundwater occurrence
zones in the Upper Tekeze catchment as depicted in Table 2.5 and hydrogeologic
description of stratigraphic units in the basin is given in Table 2.6.

Groundwater Recharge and Discharge

Springs and streams are the major discharge path ways. In limited localities dis-
charge to talus slope and diffuse discharge on slopes have been noted. Spring
discharge data shows that most of the springs from the volcanic highlands range in
their discharge between 0 and 0.5 1/s. The prominent springs with large discharge
are associated with major volcanic massifs or with regional tectonic features. The
spring with largest discharge (Sanka discharge (>70 1/s) on the way from Woldia
to Lalibela, emerging at the escarpment of the Wolo highland) for examples
emerge as the result of the intersection between the Tsirare regional fault cutting
the study area and the N-S oriented rift margin faults (Figs. 2.12 and 2.4). Most of
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Table 2.5 Groundwater occurence in the Upper Tekeze basin

Groundwater occurrences Characteristics of the occurrence

Mesozoic sediments underneath the volcanic May form regional aquifers of several thousand

pile when exhumed by erosion or when kilometer square, mostly regional flows of
the volcanics are thinned good water quality, groundwater occur
mainly in fractures as primary porosity is low
Mountain bounded alluvial valleys Shallow or deep groundwaters in extensive

alluvial plains such as Belesa, Lalibela etc.
Groundwater mainly occur in alluvial
sediments and volcanic piles underneath the
alluvium

Tectonically formed depression Several such depression of a few tens of km 2 are
observed around the villages of Weleh,
Taymen and Ibnat; because of the depressions
formed by faulting and graben structures
groundwater converges to these low points
and may result in shallow groundwater
occurrence

Pockets of alluvial valleys Several such valley but of a few hundred meters
sq in extent occur in depressions formed by
erosion of the volcanic pile, this may form
local shallow groundwaters

Extensive fractured basalts particularly the The flood basalt which cover nearly 80 % of the

Ashangie formation project site form in some localities extensive

aquifers over several thousands of sq km.
Groundwater mainly occurs in contact zones,
along dyke swarms and in weathered volcanic
materials

Talus slope and paleo or modern landslide  In several localities (e.g. Just on the road from

bodies Gashena to Lalibela on the slope of the

escarpment several landslide bodies exist).
The lose bodies of landslide allow
groundwater inflow from the mountain body
and springs emerge in most of these
landslides. Locally the landslide body and
associated loose fragment of soil allow
development of groundwater for household
irrigation

major discharge springs emerge at the contact between the Ashangie sequences
and the underlying Adigrat sandstone (e.g. a spring near Siska village on Sekota
Siska road). The Adigrat sandstone is in places highly indurated and thermally
compacted in its top part.

The most water stressed area is the N—S running ridge resting in the middle
of the Tekeze river basin bounded from the east by the Tsirare River and the
west by the main Tekeze River (Fig. 2.11). Both surface water and groundwater
flows away from this ridge and very limited suitable condition for storage of
groundwater exist in this sector of Tekeze. Mostly perched groundwaters can be
exploited from the region.



42

2 Groundwater Occurrence in Regions and Basins

Table 2.6 Hydrogeogic characterization of aquifers in the Upper Tekeze area

Aquifer type Transmissivity ~ Yield (I/s)

m*/day

Characteristics

Basement

Dolerite sills and
intrusions

Adigrat sandstone

Basal Basalt 0.5-80
sequence

Upper Basalt 1-100
sequence

<0.11/s

<2

<2

0.7-5.6

1-20

These are low grade metamorphic rocks mostly
metasediments (phylites), groundwaters
mostly occurs in shallow part. In places N S
running basement faults and foliations
coupled with EW shears enhance
permeability of the rocks

These are highly fragmented and jointed, the
joints are narrowly spaced, and the dolerites
form intrusions and remain within the Adigrat
sandstones, in many places particularly
associated with the Tsirare 