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INTRODUCTION: 
"Earth is a unique place, home to more than a million life forms, including ourselves. No 

other planet yet discovered has the same delicate balance necessary to sustain life. Earth is a 
dynamic planet that has changed continuously during its 4.6 billion years of existence.  Geology 
is the science that studies the Earth -- how it was born, how it evolved, how it works, and how we 
can help it."  

Africa plays a dominant role as a source of strategic metals such as chromium, cobalt, 
manganese and platinum.  It ranks first in the production of diamond, gold and uranium. Africa 
holds large resources of mineral deposits that needs geologists to discover and leaders to properly 
use.   

Throughout the world, water is recognized as the most fundamental of all natural resources.  
Water sets earth apart from all other known planets. The Earth is dominated by water. Earth is 
sometimes known as watery planet. Oceans cover approximately 71% or 360 million km2 of the 
Earth's surface. Other places are covered with seas, rivers, lakes, swamps, glaciers, ponds, 
streams, swamps and marches. But water also exists in the air as water vapor and in the ground as 
soil moisture and in aquifers as groundwater. Africa is the driest continent with vast expanses of 
desert and drought-prone areas. 

Study of water resources can be divided into physical, chemical and biological divisions.  
This first part of this course will be focused on studying of principals of hydrogeology including 
global water cycle, geological control, discharge, erosion, deposition, dams, water quality, 
pollution and modern methods in studying hydrogeology are essential lecture topics. Without a 
detailed knowledge of water flow patterns it is impossible to design rational development plans 
for using water resources. The second part deals with the most important water resources in 
Africa such as the main river basins, the major lakes, wetlands, and groundwater and the coastal 
areas in Africa.  
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OBJECTIVES:   
The main objective of this part is to understand the basic terms of hydrogeology, global 

water cycle, water budget, geologic factors controlling water, origin and characteristics of some 
African water bodies and their related deposits such as deltas, alluvial fans, flood plains, and 
economic mineral deposits. 
REQUIRMENTS AND TEXTBOOKS: 

Several textbooks and variety of journal papers will be used in addition to lecture notes.  
They will be available in the library of Institute of African Research and Studies to use.  We will 
use mostly a textbook called “Earth”. 

Tarbuck, E.J., and Lutgens, F.K., 2011, Earth: An Introduction to Physical Geology, 11th 
ed., Prentice Hall, New Jaersy, 638p;  

Introduction to environmental geology, Keller 
Physical Geology, Plummer   
Physical Geology: Exploring the Earth, Monroe 
Physical Geology, Montgomery   
Geology Today, Murck 
Introduction to Physical Geology, Thompson 
Essentials of Geology, Lutgens 
Physical Geology, Renton 
Exploring Earth: An Introduction to Physical Geology, Davidson 
Putnams Geology, Birkeland 

Water Books: 
 Dumont, H. J., ed., 2009, The Nile: Origin, Environments, Limnology and Human Use, 

Series: Monographiae Biologicae, Vol. 89. 
 Frenken, K., ed., 2005, Irrigation in Africa in figures AQUASTAT Survey. FAO 

   ftp://ftp.fao.org/agl/aglw/docs/wr29_eng.pdf 
 Shahin, M. 2002, Hydrology and Water Resources of Africa (Water Science and 

Technology Library), Kluwer Academic Publishers, New York, 659 p. 
GRADING:  

Written Exam  ….……..…………………….. 5%  
Oral Exam  ……………………………….. 10% 
Final Exam ………………………….……. 35% 

 
TENTATIVE LECTURE SCHEDULE:  

 Introduction, Outline and schedule 
 Water in Africa, Rivers 
 Nile River 
 Lakes I  
  East African Rift and Ethiopian lakes 
 Eastern African Rift lakes 
  Western African Rift lakes 
 Median Lakes (Victoria, Malawi, Kyoga) and Chad Lake 
 Groundwater in Africa (Nubian Sandstone Aquifer) 
May  20 EXAM 
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WATER RESOURCES IN AFRICA 
 

Africa appears blessed with abundant water resources: large rivers include the Congo, Nile, 
Zambezi and Niger and Lake Victoria is the world’s second largest. But Africa is the second 
driest continent in the world, after Australia, and millions of Africans still suffer from water 
shortages throughout the year. Shortages are often due to problems of uneven distribution - 
sometimes there is much water where there are fewer people - and also to management of 
existing supplies that could be improved. One example of the disparity in water availability lies 
in the Congo basin where 30 per cent of the continent’s water drains land inhabited by only 10 
per cent of Africa’s population. 

Hydrogeology is the branch of geology that deals with the occurrence of groundwater in the 
soil and in the bedrock. In hydrogeology, the geological condition for the occurrence of water is 
emphasized, as well as how groundwater quality is influenced by geological setting. Hydrology is 
the study of water.  In the broadest sense, hydrology addresses the occurrence, distribution, 
movement, and chemistry of all waters of the earth. Hydrogeology encompasses the 
interrelationships of geologic materials and processes with water.  
 
The Hydrologic Cycle 

The hydrologic cycle refers to the global chemical balance of water in the hydrosphere. It is 
a conceptual model that describes the storage and movement of water between the biosphere, 
atmosphere, lithosphere, and the hydrosphere (Fig. 3). Water on this planet can be stored in any 
one of the following reservoirs: The hydrological cycle consists of a collection of reservoirs (each 
having a particular mass of water substance) and movement (fluxes, measured in units of mass or 
volume per unit time) of water substance between these reservoirs. The following are reservoirs 
of the global hydrological cycle:  

1. Global oceans  
2. Ice masses  
3.   Antarctic ice sheet, Greenland ice sheet, Mountain glaciers, Arctic ice, Sea ice  
4. Continental seasonal snow  
5. Surface fresh water: Lakes, Rivers, Marshes and wetlands  
6. Subsurface water: Soil moisture, Permafrost, Groundwater 
7. Biospheric water   
8. Atmospheric water vapor  
9. Clouds: Liquid, Ice 
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Water moves from one reservoir to another by way of processes such as evaporation, 
condensation, precipitation, deposition, runoff, infiltration, sublimation, transpiration, melting 
and groundwater flow.  
Precipitation: All moisture from the atmosphere, rain, snow, hail and sleet come from clouds 
that move around the world. When clouds rise over mountain ranges, they cool, becoming so 
saturated with water that begins to fall as rain, snow or hail, depending on the temperature of the 
surrounding air. 
Evaporation:  Evaporation occurs when water goes from the liquid to the vapor state. As water 
is heated by the sun, the surface of it's molecule becomes sufficiently energized invisible vapor in 
the atmosphere. The oceans supply most of the evaporated water found in the atmosphere.  
Shiklomanov in Gleick (1993) estimates that each year about 502,800 km3 of water evaporates 
over the oceans and seas, 90% of which (458,000 km3) returns directly to the oceans through 
precipitation, while the remainder (44,800 km3) falls over landmasses where climatological 
factors induce the formation of precipitation. The resulting imbalance between rates of 
evaporation and precipitation over land and ocean is corrected by runoff and groundwater flow to 
the oceans.  
The rate of evaporation depends mainly on: 1. the temperature of the air and the water body, 2. 
the absolute humidity of the air above the free surface of the water body, and 3. the wind speed: 
high winds keeps absolute humidity low, and stirs up the free surface. Africa receives 
considerable inputs of solar heat and radiation because it has large share of its area in the tropics.  
About 80% of the rainfall water is lost by evaporation (Fig.  4). 

Figure  3.  Hydrological cycle. 
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Transpiration: All the water that could enter the air from plant leaves by a process called 
transpiration. The term evapotranspiration is used for the total water loss from a basin from 
evaporation and transpiration combined. 
Condensation: Condensation is a processes by which air masses are cooled.  As water vapor 
rises, it cools and eventually condenses, usually on tiny particles of dust in the air. The normal 
lapse rate is about 0.7ºC /100 m of elevation change. When water condenses it becomes a liquid 
again or turns directly into a solid (ice, hail or snow). These water particles then collect and form 
clouds. 
Runoff occurs when precipitation rate exceeds infiltration capacity at a given time.  It is visible 
flow of water in rivers, creeks and lakes as the water stored in the basin drains out.  Tropical 
regions exhibit greater river runoff volumes. The Amazon carries 15% of all the water returning 
to the world's oceans, while the Congo- carries 33% of the river flow in Africa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Infiltration:  Infiltration is a process by which water from precipitation or snow melt moves 
from the surface downwards into the soil and rocks through cracks, joints and pores until it 
reaches the water table where it becomes groundwater. It is driven by gravity and pressure (Ppore 
≤ Patmosphere) pores until it reaches the water table where it becomes groundwater. It is driven by 
gravity and pressure (Ppore ≤ Patmosphere).   
Groundwater:  Subterranean water is held in cracks and pore spaces. Depending on the geology, 
the groundwater can flow to support streams. It can also be tapped by wells. Some groundwater is 
very old and may have been there for thousands of years.  

 The endless circulation of water from the atmosphere to the earth and its return to the 
atmosphere through condensation, precipitation, evaporation and transpiration is called the 
hydrologic cycle. 
 
 

The world's precipitation, evaporation and runoff. 
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GLOBAL WATER BUDGET: 
Shiklomanov in Gleick (1993) estimated the global water resources as follow: The total 

volume of water on Earth is about 1.4 billion km3. The volume of freshwater resources is about 
35 million km3, or about 2.5% of the total volume. About 27 million km3 (76.65% of the global 
freshwater) occur in the form of ice and permanent snow cover in mountainous regions, the 
Antarctic and Arctic regions. Groundwater represents about 22.76% of the global freshwater. The 
atmosphere holds about 0.04%. The annual precipitation for the earth is more than 30 times the 
atmosphere's total capacity to hold water, indicating the rapid recycling of water that must occur 
between the earth's surface and the atmosphere. Freshwater lakes and rivers contain an estimated 
105,000 km3 (0.3% of the world's freshwater). The surface freshwater is stored in streams, rivers 
and lakes only comprise 0.0001% of all water in the earth system.  The largest store of water is 
the oceans that contain about 1,365 million km3 (97.5% of the earth's water) of salty water. It is 
estimated that the freshwater available for human consumption varies between 12,500 km3 and 
14,000 km3 each year. 

Africa contains about 4,050 km3/yr (9% of the world's total freshwater resources). These 
resources are distributed unevenly across Africa. They are concentrated in the central and western 
regions of the continent, where rainfall ranges from moderate to abundant. Democratic Republic 
of Congo is the wettest country in Africa. It contains 935 km3/yr (about 25% of all of Africa's 
annual internal renewable water resources). By contrast, the driest country, Mauritania, has just 
0.4 km3/yr (0.01% of Africa’s total). 

Africa is home to some of the planet's largest desert regions, including the vast Sahara (the 
world's biggest desert), which spans the midsection of North Africa; the Horn Desert in the east; 
and the Kalahari and Namib deserts of Southern Africa. All told, approximately two-thirds of 
Africa is classified as desert or arid.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Distribution of the world water supply. 

Reservoir
Volume million 

km
3 %  Total %  of freshwater

Oceans 1,365 97. 5 
Ice Caps  and Glaciers 26.88 1.92 76.655
Groundwater 7.98 0.57 22.757
Lakes 0.126 0.009 0.359
Soil Mois ture 0.065 0.005 0.185
Atmosphere 0.014 0.001 0.040
Streams  and Rivers 0.0014 0.0001 0.004
Total 1,400
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RIVERS 
Introduction 

The total volume of water on Earth is about 1.4 billion km3. The volume of freshwater 
resources is about 35 million km3, or about 2.5% of the total volume.  Freshwater ecosystems in 
rivers, lakes, and wetlands contain just a fraction—one-hundredth of 1 percent—of the Earth’s 
water (i.e. 0.0001%) and occupy less than 1% of the Earth’s surface (Watson et al. 1996; 
McAllister et al. 1997). There are about 263 international river basins covering 45.3% 
(~231,059,898 km2) of the land surface area of the Earth. 

Rivers? Streams? Creeks? They are all names for water flowing on the Earth's surface. As 
far as the Water Science site is concerned, they are pretty much interchangeable. Creeks are the 
smallest of the three, with streams being in the middle, and rivers being the largest.  A stream is a 
body of water that carries rock particles and dissolved ions and flows down slope due to gravity 
along a clearly defined path, called a channel. Flowing water finds its way downhill initially as 
small creeks. As small creeks flow downhill they merge to form larger streams and rivers. Rivers 
eventually end up flowing into the oceans.  
 
Importance of Streams   
Streams are important for several reasons:  
1. Streams carry most of the water that goes from the land to the sea, and thus are an important 

part of the water cycle.  
2. Streams carry billions of tons of sediment to lower elevations, and thus are one of the main 

transporting mediums in the production of sedimentary rocks.  
3. Streams carry dissolved ions, the products of chemical weathering, into the oceans and thus 

make the sea salty.  
4. Streams alter the Earth's landscape through the movement of water and sediment. They are 

powerful erosive agents moving material from their bed and banks. In mountainous regions, 
stream erosion often produces deep channels and canyons. Streams also deposit vast amounts 
of sediment on the terrestrial landscape and within lakes and ocean basins. 

5. Streams are a major source of water and transportation for the world's human population. 
Most population centers are located next to streams. 

 
Geometry and Dynamics of Stream Channels 

The stream channel is the conduit for water being carried by the stream. The stream can 
continually adjust its channel shape and path as the amount of water passing through the channel 
changes. The volume of water passing any point on a stream is called the discharge. Discharge 
represents the volume of water passing through a river channel during a certain period of time 
(m3/sec). The shape of the channel is important because of the reduction in velocity due to 
friction along the channel margins. In a natural situation, an increase in discharge will result in an 
increase in all three parameters.  The river becomes wider, deeper and moves at a higher velocity.  
Stream discharge. Stream discharge can be expressed mathematically with the following 
equation: 

Q   = W x D x V 
Where Q = stream discharge (m3/sec), W = average width (m), D = average depth (m),  
V = velocity of flowing water (m/sec) 
i.e. Discharge (m3/sec) = Cross-sectional Area (width x average depth) (m2) x Average Velocity 
(m/sec). As the amount of water in a stream (discharge) increases, the width, depth, and average 
velocity of the stream increase. The gradient of the stream, however, will decrease. 
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Long Profile and base Level 

Long profile is a plot of elevation versus distance.  
It usually shows a steep gradient near the source of the 
stream that is called headwater and a gentle gradient as 
the stream approaches its mouth (the point down stream.  
The gradient is the slope over which the stream flows 
and is measured in meters per kilometer (m/km). The 
gradient changes over the course of the stream; typically 
it is steep near the head waters and flattens out near the 
base level. The velocity of a stream usually increases 
downstream. The gradient typically decreases but gravity, elimination of bed roughness and an 
increase in water from the entry of tributaries tends to increase the velocity. 
Base Level is defined as the limiting level below which a stream cannot erode its channel. For 
streams that empty into the oceans, base level is sea level. Local base levels can occur where the 
stream meets a resistant body of rock, where a natural or artificial dam impedes further channel 
erosion, or where the stream empties into a lake.  
 
Stream Flow 

A stream's velocity depends on position in the stream channel, irregularities in the stream 
channel caused by resistant rock, and stream gradient. The average velocity is the time it takes a 
given particle of water to traverse a given distance.  
Because of frictional drag, stream velocity is at a maximum at the center of the channel near the 
surface and a minimum near the bed and banks. The dynamics of stream flow is primarily 
influenced by friction, channel topography and channel shape. Within a stream channel, three 
types flow can be observed: 

1. Laminar flow: Water flow in the stream is not 
altered in its direction. Water flows as parallel 
molecular streams.  

2. Turbulent flow: Water flows as discrete eddies and 
vortices caused by channel topography and friction. 
Average linear velocity is generally greater in 
laminar flow than in turbulent flow.  Turbulent flow 
can keep sediment in suspension longer than laminar flow and aids in erosion of the 
stream bottom. 

Finally, flow is not always contained within the stream channel. During periods of high stream 
discharge overbank flow may occur. Overbank flow or flooding involves the spilling of water 
over the stream's banks and onto the floodplain. 
 
Erosion by Streams 

Streams erode because they have the ability to pick up rock fragments and transport them to 
a new location. The size of the fragments that can be transported depends on the velocity of the 
stream and whether the flow is laminar or turbulent. Turbulent flow can keep fragments in 
suspension longer than laminar flow. Streams can also eroded by undercutting their banks 
resulting in mass-wasting processes like slumps or slides. When the undercut material falls into 
the stream, the fragments can be transported away by the stream. Streams can cut deeper into 
their channels if the region is uplifted or if there is a local change in base level.  As they cut 
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deeper into their channels the stream removes the material that once made up the channel bottom 
and sides. Valleys are most common landforms on the Earth’s surface.  Some streams create their 
own valleys that can be divided into V-shaped valleys and wide valleys with flat floors. A stream 
lengthens its course by headwater erosion that may cause stream piracy. Piracy can occur if a 
stream on one side of a divide has a steeper gradient than a stream on the other side. The first one 
has more energy; it can extend its valley headword by capturing part or all of the drainage of the 
slower stream.  
 
Transportation BY Streams 

Streams carry sediment from a place to another. The greater the energy of the stream the 
larger the size of material that can be carried and the larger the total suspended load – capacity.  
The rock particles and dissolved ions carried by the stream are called stream load that is divided 
into three parts.  
1. Suspended Load is particles that are carried along with the water in the main part of the 

streams. The size of these particles depends on their density and the velocity of the stream. 
Higher velocity currents in the stream can carry larger and denser particles.  

2. Bed Load is coarser and denser particles that remain on the bed of the stream most of the time 
but move by a process of saltation (jumping) as a result of collisions between particles, and 
turbulent eddies. Note that sediment can move between bed load and suspended load as the 
velocity of the stream changes.  

3. Dissolved Load is ions that have been introduced into the water by chemical weathering of 
rocks. This load is invisible because the ions are dissolved in the water. The dissolved load 

consists mainly of HCO3- (bicarbonate ions), Ca2+, SO4
2-, Cl-, Na+, Mg2+, and K+.  These ions 

are eventually carried to the oceans and give the oceans their salty character. Streams that 
have a deep underground source generally have higher dissolved load than those whose 
source is on the Earth's surface. 

Once a particle is entrained, it tends to move as long as the velocity of the medium is high 
enough to transport the particle horizontally. Particle weight, size, shape, surface configuration, 
and medium type are the main factors that determine the process of transportation. Within the 
medium, transport can occur in four different ways: 
1. Suspension is where the particles are carried by the medium without touching the surface of 

their origin. This can occur in air, water, and ice.  
2. Saltation is where the particle moves from the surface to the medium in quick continuous 

repeated cycles. The action of returning to the surface usually has enough force to cause the 
entrainment of new particles. This process is only active in air and water.  

3. Traction is the movement of particles by rolling, sliding, and shuffling along the eroded 
surface. This occurs in all erosional media.  

4. Solution is a transport mechanism that occurs only in aqueous environments. Solution 
involves the eroded material being dissolve and carried along in water as individual ions. 

Deposition by Streams 
The transport of erosional material through the landscape is rarely continuous. Instead, we 

find that particles may undergo repeated cycles of entrainment, transport, and deposition.  
Sudden changes in velocity can result in deposition by streams.  In water, lower velocities can be 
caused by reductions in discharge or a change in the grade of the stream. Glacial flows of ice can 
become slower if precipitation input is reduced or when the ice encounters melting. Deposition 
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can also be caused by particle precipitation that is a process where dissolved ions become solid 
because of changes in the temperature or chemistry of the water.  
Within a stream, the velocity varies with position, and, if sediment gets moved to the lower 
velocity part of the stream the sediment will come out of suspension and be deposited. Other 
sudden changes in velocity that affect the whole stream can also occur. For example if the 
discharge is suddenly increased, as it might be during a flood, the stream will overtop its banks 
and flow onto the floodplain where the velocity will then suddenly decrease. This results in 
deposition of such features as levees and floodplains. If the gradient of the stream suddenly 
changes by emptying into a flat-floored basin, an ocean basin, or a lake, the velocity of the stream 
will suddenly decrease resulting in deposition of sediment that can no longer be transported. This 
can result in deposition of such features as alluvial fans and deltas. 
 
1. Floodplains and Levees 

Floodplain is a relatively flat region flanking most streams and formed by deposition of 
finer grained sediments during periodic floodings of the stream waters.  
A natural levee is a ridge or platform built on the floodplain adjacent to and trending along the 
course of the stream and represents the highest area or point on a floodplain. Natural levees are 
caused by successive flooding episodes and can inhibit subsequent flooding 
2. Terraces 

Terraces are exposed former floodplain deposits that result when the stream begins down 
cutting into its flood plain (this is usually caused by regional uplift or by lowering the regional 
base level, such as a drop in sea level).  
3. Alluvial fans 

Alluvial fans are gently sloping, cone-to fan-shaped landforms 
created over thousands to millions of years by deposition of eroded 
sediment at the base of mountain ranges. When a steep mountain 
stream enters a flat valley, there is a sudden decrease in gradient and 
velocity. Sediment transported in the stream will suddenly become 
deposited along the valley walls in an alluvial fan. As the velocity of 
the mountain stream slows it becomes choked with sediment and 
breaks up into numerous distributary channels.  
4. Deltas 

A delta is body of sediment that contains numerous horizontal 
and vertical layers. When a stream enters a standing body of water 
such as a lake or ocean, there is a sudden decrease in velocity and the 
stream deposits its sediment in a deposit called a delta. Deltas build 
outward from the coastline, but will only survive if the ocean currents 
are not strong enough to remove the sediment. As the velocity of a 
stream decreases on entering the delta, the stream becomes choked 
with sediment and conditions become favorable to those of a braided stream channel, but instead 
of braiding, the stream breaks into many smaller streams called distributary streams. Some deltas, 
like the Nile, have a triangular shape. Streams, like the Mississippi, that have a high sediment 
content and empty into relatively calm waters cause the formation of a birdfoot shaped delta. 
Most deltas contain three different types of deposits: foreset, topset and bottomset beds. Foreset 
beds make up the main body of deltas. They are deposited at the outer edge of the delta at an 
angle of 5 to 25 degrees. Steeper angles develop in finer sediments. On top of the foreset beds are 
the nearly horizontal topset beds. These beds are of varying grain sizes and are formed from 
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deposits of the small shifting channels found on the delta surface. In front and beneath the foreset 
beds are the bottomset beds. These beds are composed of fine silt and clay. Bottom set beds are 
formed when the finest material is carried out to sea by stream flow. 
 
Drainage Systems  

Drainage systems develop in such a way as to efficiently move water off the land. Each 
stream in a drainage system drains a certain area, called a drainage basin. the drainage basin of 
one stream is separated from another by an elevated area as a ridge called a divide. In a single 
drainage basin, all water falling in the basin drains into the same stream. Drainage basins can 

range in size from a few km2, for small streams, to extremely large areas, such as the Mississippi 
River drainage basin which covers about 40% of the contiguous United States Drainage basins 
are divided from each other by topographic barriers called a watershed that represents all of the 
stream tributaries that flow to some location along the stream channel. The number, size, and 
shape of the drainage basins found in an area varies with the scale of examination. Drainage 
basins are commonly viewed by scientists as being open systems. Inputs to these systems include 
precipitation, snow melt, and sediment. Drainage basins lose water and sediment through 
evaporation, deposition, and stream flow. A number of factors influence input, output, and 
transport of sediment and water in a drainage basin. Such factors include topography, soil type, 
bedrock type, climate, and vegetation cover. These factors also influence the nature of the pattern 
of stream channels.  
 
Drainage Patterns 

1. Dendritic: Dendritic is the most common type of 
pattern which resembles the branching of a 
deciduous tree. This type of pattern forms where 
the rock over which the stream flows is uniform in 
hardness or uniform in resistance to erosion. 

2. Parallel drainage patterns are often found in areas 
with steep relief or where flow is over non-
cohesive materials.  

3. Trellised is a rectangular type of pattern in which 
tributary streams are nearly parallel to each other 
and have an appearance of a garden trellis. This 
pattern forms in areas underlain by folded rocks resulting in alternating parallel bands of 
resistant and less resistant rock. 

4. Rectangular is a pattern which is comprised of many right-angle bends this pattern 
develops in bedrock crisscrossed by a series of joints and/or faults--the cracked surface 
represents precut channels in which water can flow. 

5. Radial: When stream diverge from a central area like top of a volcano, the pattern is said 
to be radial.  This type develops on volcanic cones or domal uplifts.  

Drainage density: 
Drainage density is a measure of the length of stream channel per unit area of drainage 

basin (km/km2). Mathematically it is expressed as: 
Drainage Density (Dd) = Stream Length / Basin Area    

The measurement of drainage density provides useful numerical measure of landscape 
dissection and runoff potential. On a highly permeable landscape, with small potential for runoff, 
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drainage densities are sometimes less than 1 km/km2. On highly dissected surfaces densities of 
over 500 km/km2 are often reported. Closer investigations of the processes responsible for 
drainage density variation have discovered that a number of factors collectively influence stream 
density. These factors include climate, topography, soil infiltration capacity, vegetation, and 
geology. 
 
Types of Channels 

Stream channels vary widely in width, depth, and shape. The shape of a channel reflects 
variations in both erosion and deposition.  Several factors the way a stream behaves. The most 
important are: (1) gradient, (2) the channel’s cross sectional area (stream width x stream depth), 
(3) velocity of water flow, (4) discharge, (5) roughness of stream bottom (bed), and (6) load 
(amount of materials carried along by the stream).   
1.  Straight channels 

Straight stream channels are rare. Where they do occur, the 
channel is usually controlled by a linear zone of weakness in the 
underlying rock, like a fault or joint system. Even in straight channel 
segments water flows in a sinuous fashion, with the deepest part of 
the channel changing from near one bank to near the other. Velocity 
is highest in the zone overlying the deepest part of the stream. In 
these areas, sediment is transported readily resulting in pools. Where 
the velocity of the stream is low, sediment is deposited to form bars. The bank closest to the zone 
of highest velocity is usually eroded and results in a cutbank. 
2.  Meandering channels 

A meander is a snakelike course taken by a 
stream in which erosion is greatest on the outside 
or convexed portion where the velocity of the 
stream is highest often forming a cutbank while 
deposition is greatest in the inside or concave 
side where the velocity is low often forming 
point bars. If erosion on the outside meander 
bends continues to take place, eventually a meander bend can become cut off from the rest of the 
stream. When this occurs, the cutoff meander bend, because it is still a depression, will collect 
water and form a type of lake called an oxbow lake.  An oxbow will typically form a lake in the 
early stage of development and will form an oxbow (or meander) scar over a period of time in 
which the oxbow lake fills with sediment.  
3.  Braided channels 

In streams having highly variable discharge and easily eroded banks, sediment gets 
deposited to form bars and islands that are exposed during periods of low discharge. In such a 
stream the water flows in a braided pattern around the islands and bars, dividing and reuniting as 
it flows downstream. Such a channel is termed a braided channel. During periods of high 
discharge, the entire stream channel may contain water and the islands are covered to become 
submerged bars. During such high discharge, some of the islands could erode, but the sediment 
would be re-deposited as the discharge decreases, forming new islands or submerged bars. 
Islands may become resistant to erosion if they become inhabited by vegetation. 
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MAJOR RIVERS IN AFRICA 
There are 261 international rivers, covering almost one half of the total land surface of the 

globe. Africa contains half a dozen of global significance watersheds.  The northeast quadrant of 
the continent is home to the Nile River, the longest river in the world at approximately 7,000 km. 
Other major river basins include the Congo River in central Africa, the Niger River in western 
Africa, the Zambezi River in southeastern Africa, and Orange River in southern Africa (Fig. 10). 
Although many of the river courses of Africa are remarkably youthful, most of them have had 
complex histories involving shifts in the nature of their catchments and courses, particularly since 
the splitting of Gondwanaland that began in the early Cretaceous.  Nearly all the African rivers 
are characterized by falls (e.g. the Zambezi at Victoria Falls, the Nile at Tana and Tis Abay Falls, 
Ethiopia), cataracts (e.g. the Nile at Aswan).  Some rivers in Africa are linked by spillways (e.g. 
the Zambezi and the northern Botswana drainage). Many African rivers drain into and out of 
large depressions (e.g. the Nile out of the Sudd). These characteristics reflect the long and varied 
climatic and tectonic history of the continent and its distinctive topographic arrangement. 
Unlike most other continents, Africa is characterized by passive rather than active plate margins 
and by a dominance of basins, faults, rifts and topographic swells rather than by compressional 
mountains except the Cenozoic Atlas Mountains. The key events in the development of the 
setting of African drainage basins are: 
1. Opening of the South Atlantic (started ca. 150 Ma). 
2. Parana´-Etendeka volcanism (138–127 Ma). 
3. Final separation of Africa from South America (ca.100 Ma).  
4. Start of eruption of Ethiopian and East African plateaus and arrival of Afar Plume head at 

lithosphere (45 Ma). 
5. Start of East African rifts and Red Sea rifting (30 Ma). 
6. Uplift of Red Sea margins (13.8 Ma) and Gulf of Aden (10 Ma). 
7. Pleistocene climate (ca. 2.4 Ma). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Major rivers in Africa. 
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Hotspots: Intraplate hotspots are common in Africa, which have been associated with Cenozoic 
doming and volcanism, including those of Ahaggar, Tibesti, Jebel Marra and Mt. Cameroon. 
These young mantle plumes have been largely responsible for the development of the basin and 
swell topography, which is such a unique feature of the interior of the African continent (Fig.11).  
In addition, the coastal margins of much of Africa have been affected by a coastal upwarp, which 
has its clearest manifestation in the Great Escarpment of southern Africa. This marginal upwarp 
accounts for the characteristic hypsometry of Africa’s drainage basins, in which only a very small 
proportion of the area of each basin is at low elevations. Rifting has been another fundamental 
feature of the evolution of Africa, particularly in East Africa.  
 

 
 
The Congo River 

The Congo River (Zaire) occupies a large basin in central Africa, a basin which has a 
narrow exit to the Atlantic Ocean (Fig. 6). Most of the Congo River lies within the D.R. of 
Congo, and some parts in Angola, Cameroon, the Central African Republic, Zambia and 
Tanzania, stretching through Lake Tanganyika. It stretches also along both sides of the equator.  
It accounts for half the total volume of waters that pour into the Atlantic from that African 
continent. The Congo River flows east at first and then south. It has a length of about 4,100 km, 
and width ranging from 6 to 12 km for most of the river and getting up to 13 km wide at the 

Some of the major plumes and basins of Africa. 
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mouth of the Mongala River. The Congo basin area is about 3.7 million km2 and with annual 
discharge of about 1,400 billion m3/yr (1,400 km3/yr). The Congo receives up to 2,250 mm of 
rainfall a year. 

Tributaries of the Congo River create a branching, dendritic (leaf-like) pattern. Most of the 
major tributaries are oriented towards a point in the centre of the basin rather than towards its 
outlet. The Congo River is also notable for about 30 waterfalls that cross its course between 
Kinshasha and the ocean and for the fact that it has no delta. 
The Congo basin has a large depression in the central portion. Referred to as a "cuvette", it is a 
large, shallow, saucer-shaped area. This depression contains Quaternary alluvial deposits which 
rest on thick sand and sandstone sediment of continental origin. Along the eastern edge of the 
cuvette outcrops of sandstone have formed. The cuvette has a filling that dates to Cambrian (570 
million years ago). Studies have shown that the sediment has built up over time from the erosion 
of the formations that surround the cuvette.  
 
Physiography of the Congo River 

The Congo basin was probably occupied by a large water body (Peters and O’Brien, 2001) 
in the Tertiary (Pliocene; Beadle, 1974) of which lakes Tumba and Maindombe are remnants. 
This internal drainage may have been captured by a short stream draining to the coast and cutting 
through the high ground at the continental margin on the western rim of the basin. The point of 
capture was possibly just below Stanley Pool between Brazzaville and Kinshasha. Burke (1996) 
has suggested that this may have happened in the last 30 Ma. The Congo River system is 
composed of three distinct sections: 1. the upper Congo, 2. the middle Congo and 3. the lower 
Congo.   
1. The upper Congo: The upper Congo contains confluences, lakes, waterfalls, and rapids.  The 
Congo River has its beginnings in the Democratic Republic of the Congo where several small 
rivers unite.  Luapula begins in Zambian and flows northwest to Lake Mweru. The Lualaba River 
and Luvua River join together and then continue on to flow north for 750 km into Kisangani or 
Boyoma (Stanley) Falls where the river turns west and then south for almost 1,650 km to 
Kinshasa. Navigation is possible in the upper Congo by large vessels with low tonnage. Due to 
the rapids at headstreams and at various locations along the river navigation is interrupted and 
other means of transportation must be used.  
2. The middle Congo:  The middle Congo is characterized by the narrowing of the river. The 
banks are a 0.8 to 1.7 km apart, the river is much deeper and its current is faster. This section of 
the Congo is referred to as the Chenal (Channel) or Couloir (Corridor). It is along this stretch of 
the river that its principal tributaries flow into the Congo. They include the Ubangi River, Sangha 
River and the Kwa River. This results in a tremendous increase in the flow of water from 250,000 
cubic feet per second at Kisangani to its maximum when it reaches Kinshasa. 
3. The lower Congo: From the middle Congo (Chenal) the river divides into two. One branch 
forms Malebo Pool, which is 15 miles by 17 miles large. This is the end of the middle Congo. 
Just downstream are the first of 30 waterfalls as the river continues to flow towards Matadi. At 
Matadi, the Congo's estuary begins in a narrow channel only half a mile to a mile wide. 
Eventually it widens below Boma but islands are once again a factor, dividing the river into 
several arms. The Congo now flows freely into the Atlantic Ocean. 
The Congo receives up to 90 inches of rainfall a year. The river stretches along both sides of the 
equator, therefore the weather is hot. The river contains 30 waterfalls and many islands. The river 
is a very beautiful place and has very gorgeous plants and wildlife. The people of the Congo and 
Zaire regions depend greatly on the life of the river and its surrounding area. 
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The Niger river 

The Niger river basin upstream of the inland delta (upstream from Ke´-Macina on the Niger 
and Douna on the Bani, Fig. 1) in West Africa covers an area of about 250,000 km2 and includes 
parts of four countries: most of the basin is found in Guinea and Mali, but smaller parts are in 
Ivory Coast and Burkina Faso. The basin is bordered by the Guinean ridge to the south, by the 
Fouta–Djalon and the Mandingue Mountains to the west and northwest. The main rivers are the 
Niger and the Bani that is coming from the south. The drainage basin area of the Bani at Douna is 
around 102,000 km2. The mean elevation is around 500 m for the upper Niger river basin and 
around 300 m for the Bani river basin. 
The upper Niger flows from the humid tropical zone at the southwest (annual precipitation more 
than 1,500 mm) to the savanna zone at the northeast (annual precipitation close to 500 mm). For 
the period 1951– 1990, the mean annual rainfall was around 1,450 mm for the Niger and around 
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1,110 mm for the Bani. These differences explain why, for the same period, annual depth of 
runoff was much greater for the Niger at Koulikoro (358 mm/yr) than for the Bani at Douna (220 
mm/yr). Due to the type of climate with two seasons, a rainy season between July and September 
and a wet season between October and June, approximately 80% of the annual runoff is 
discharged during the warmest months (August to October). The annual flood begins in May. The 
rising limb of the hydrograph usually lasts until September. The recession is rapid, corresponding 
to an increased proportion of base flow. For an average year, peak discharge reaches 5,600 m3/s 
at Koulikoro and 2,450 m3/s at Douna . 

The changes in runoff and in rainfall between these two periods (changes are much larger, 
in percentage terms, for the runoff than for the rainfall) are accompanied by substantial changes 
in the runoff �coefficients (rainfall/ runoff depth 100) which are associated with changes in 
groundwater resources within the upper Niger basin and possibly changes in land use/cover. In 
view of this situation, it is thus important to note that the period of chemical investigations 
(1991/1992 to 1997/1998) is representative for the hydrological fluctuations over the last 25 
years of drought (Fig. 2). In these 8 years, the average discharges at Banankoro, Koulikoro, Ke´- 
Macina and Douna were, respectively, around 740, 1020, 900 and 220 m3/s. 
Geology 

Geologically, the Precambrian basement that underlies the southern part of the upper Niger 
basin and belongs to the West African Craton, is formed mainly by gneiss and granite complexes. 
The main metamorphic rocks here are schist, micaschist, quartzite and basic rocks transformed 
into greenstones. More recent dolerite intrusions are observed in all these formations. Birrimian 
rocks underlie the other half of the catchment. These Cambrian and Ordovician formations are 
mainly represented by sandstone. Quaternary fluvio-lacustrine sediments underlie the lowland 
part of the Niger basin. The pedological cover, resulting from the weathering of these lithological 
formations, consists of ferralitic soils (upstream of Siguiri) and tropical ferruginous soils (in 
northern Guinea and southern Mali). Ferricrete layers often appear at the top of lateritic profiles. 
The vegetation consists mainly of savanna, dry or forested according to the climatic zone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Simplified geological map of the upper Niger basin. 
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LAKES 
Introduction 

The scientific study of inland bodies of water such as lakes, ponds, streams and reservoirs 
.is called limnology, from the Greek word limne meaning “lake” or “pond”. Most freshwater 
lakes are located at high altitudes, with nearly 50% of the world's lakes in Canada alone. Many 
lakes, especially those in arid regions, become salty through evaporation, which concentrates the 
inflowing salts. The Dead Sea and the Great Salt Lake are among the world's major salt lakes.   
Lakes and ponds are permanently wet year round. The main difference between a lake and a 
pond is the size. A lake is usually defined as a body of water large enough to have at least one 
wind-swept beach; ponds usually are not large enough for winds to blow across the water and 
create waves to wash away the plants that may be trying to take root. A lake is too deep for 
rooted plants to grow except near the shore. Lakes are generally composed of fresh water but 
some, especially those where water cannot escape via a river, can be salty. Many lakes are the 
source for some rivers such as Victoria that is a source for the Nile.  These rivers and lakes often 
share similar characteristics and habitats. Lakes gain water from inflowing rivers, from direct 
rainfall, and seepage from groundwater. Lakes lose water from out flow rivers, evaporation, 
evapotraspiration or back to groundwater by water seepage.   

The Earth has a tremendous variety of freshwater lakes, from fishing ponds to Lake 
Superior, USA (the world's largest), to many reservoirs.  Small lakes and ponds may be filled 
gradually by sediments (sand, silt, clay) carried in by streams. Another filling process is 
eutrophication. In this process a water body becomes overgrown with aquatic plants and organic 
debris. .    
Origin of Lakes 
Natural basins occupied by lakes are created by a number of geologic processes: 
1. Tectonic processes:  

a. Grabens: Crustal faulting creates many long, narrow and deep lakes, e.g. Tanganyika 
(1,435m, second deepest lake in the world) and Malawi (706m).  

b. Reverse drainage basins:  An Uplifting forms a dam and dendritic lake: e.g. Lake Kioga, 
Uganda. 

c. Uplifting: Uplifting around entire basin forms large but fairly shallow lakes: e.g. Lake 
Victoria, East Africa. 

d. Subsidence: Local depression or basin: e.g. Toshka lakes, Egypt. 
2. Volcanism:  

a.   Craters in cinder cones may form lakes.  
b. Calderas: collapsed or exploded volcanoes surrounded by rim of lava; deep oligotrophic.  
c. Volcanic damming: Lava flows or volcanic ash often form a dam in a river valley, 

causing water to back up as a lake, e.g. Lake Kivu, central Africa.  
3. Landslides landslides block a river, valley or stream and suddenly create lakes that often are 

short-lived lakes, e.g. Quake Lake, Yellowstone, USA. 
4. Glaciations: Throughout formerly glaciated regions, plains of glacial sand and gravel contain 

natural pits and hollows left by the melting of stagnant ice masses that were buried in the 
sand and gravel deposits.   

a. kettle lakes: Depressions or pits in glacial till are later fill with water to form kettle 
lakes.  

b. Fiords (fjords) are elongated water bodies.   
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c. Cirque lakes are common on formerly glaciated mountains (U-shaped valleys). They 
are characterized by small, round, steep sided (amphitheater-shaped) and  small 
drainage area.  

d. Moraine lakes:  material pushed by glaciers leaves dams of rock and dirt as the 
glacier retreats Finger Lakes, Lake Mendota, WI. 

5. Lakes formed by rivers:    
a. Plunge pools include basins of old waterfalls in now dry river systems. 
b. Oxbow lakes: Bends in river that become isolated shallow and oddly shaped lakes due 

to erosion in one side and deposition on the other side. 
c.  floodplain lakes:  Some lakes may form in depressions in the flood plain area due to 

deposition of sediments across mouths of inflowing streams. 
6.  Solution Lakes:   Formed by dissolution of soluble rock (often limestone) by percolating 

water: 
e.g., CaCO3 + CO2 + H2O <--> Ca2+ + 2HCO3

- 
Areas with numerous solution lakes are known as 'Karst topography'.  Sink holes 
may form quickly and be short-lived ponds and springs. 

7.   Lakes associated with shorelines:  Lakes on shores of oceans and large lakes: 
a. Deltaic lakes: River currents slow when they enter a large water body and may isolate 

lakes on deltas. e.g. Nile Delta lakes.  
b. Coastal lakes: Deposition of sands in bars may enclose basins to form lagoons.   

8.  Meteor Impact:  Can be very large, perfectly round: e.g., 
Kara-Kul Lake, Tajikistan (45 km diameter, 25 km filled by 
water; 10 million years old). Aorounga, Chad (17 km 
diameter; age: 200 Ma). Bosumtwi Lake, Ghana (10.5 km 
diameter, age: 1.3 Ma). Barringer Meteor Crater, Arizona 
(1.19 km; age: 49,000 years).  

9.  Desert lakes: Wind erosion forms depressions (blowouts) that 
may be filled by water. Playa lakes are closed-basin lakes in 
desert regions, filled by surface or groundwater.  

     Water filling the lakes may be fresh, but rapid evaporation 
results in saline waters and evaporite mineral precipitation. Dry playa lakes are called simply 
playas, and are typically floored in salt or other evaporite minerals. An example is the Great 
Salt Lake, Utah.   

10. Biogenic Lakes (lagoon): Lagoons are lakes formed 
between land and coral reefs that grow up parallel to the 
coast (Barrier reefs). 

11. Human Made Lakes:     
a. Dams: Reservoirs are artificial lakes, produced by 
constructing physical barriers such as dams across flowing rivers, which allow the water to 
pool and be used for various purposes. The volume of water stored in reservoirs worldwide is 
estimated at 4,286 km3 (Groombridge and Jenkins, 1998).  
b. Surface mine lakes  
c. Bomb craters 

 
 
 
 

Bosumtwi Crater, Ghana 

Lagoon 
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Wetlands  
Wetlands are submerged or permeated by water, either permanently or temporarily, and are 

characterized by plants adapted to saturated soil conditions. Wetlands are by definition lands with 
water table at or near the surface. Most wetlands are also characterized by shallow water that 
ranges in depth from 0 to 2 m with heavy growths of aquatic or semiaquatic plants and relatively 
thick organic deposits. Estimating the average depth of permanent wetlands is about one meter.  
They are areas of poor surface drainage such as marches (grassy wetlands) and swamps (wooded 
wetlands). They are areas as marsh, fen, flood plains, lagoons, sabkha, and swamps. The water in 
wetlands is static or flowing, fresh (TDS <1,000 ppm), brackish (1,000-20,000 ppm), salt (35,000 
ppm) or brine (>35,000 ppm). 

The global volume of water in wetlands ranges between 2,300 km3 and 2,900 km3.  
Wetlands occur as parts of lakes, ponds and seashores where they usually occupy the shallow 
waters fringing the shoreline.  Inland, most wetlands are fresh water, but those along the open 
seas and oceans are both salty and fresh, with many brackish, or intermediate salinity, from the 
mixing of freshwater and saltwater.  Five wetlands are recognized: (1) marine, (2) estuarine, (3) 
riverine, (4) lacustrine, and (5) palustrine.  The marine and estuarine systems are saltwater and 
brackish wetlands.  The remaining three are freshwater systems, the lacustrine with lakes and 
ponds, and the palustrine with all other inland wetlands.  The palustrine wetland system includes 
swamps and marshes.   
 
Wetlands in Africa 

The total global area of wetlands is estimated at about 2,900,000 km2 (Groombridge and 
Jenkins, 1998). Wetlands in Africa cover about 345,000 km2 (1% of Africa’s total surface area), 
and are found in almost every country. The largest African wetlands include: the Sudd in the 
Upper Nile River, the Congo swamps; the Lake Victoria basin; the Chad basin; the Okavango 
delta (Botswana); and the floodplains and deltas of the Niger and Zambezi rivers. The Upper Nile 
River (50,000-90,000 km2), Chari-Logone River (90,000 km2) and Congo River (40,000-80,000 
km2) wetlands in Africa are among the 10 largest wetlands in the world by area.    
 
 

AFRICAN RIFT LAKES 
In the Late Cretaceous and in the beginning of Cenozoic, the first stage of rifting in East 

Africa started.  Some 20 million years (Ma) ago, the earth's crust weakened and tore itself apart 
creating a jagged rift, thousands of kilometers long, across the African continent. The land on 
either side erupted creating great volcanic mountains, while the valley floor gradually sank into a 
low flat plain. Today's Rift Valley is characterized by uninhabitable desert and fertile farmland, 
flat arid plains, steep escarpments and numerous lakes. 

East African Rift System (EARS) is a part of Afro-
Arabian Rift System that runs from Mozambique to Turkey 
(6,500 km). The African Rift involved early formation of a 
series of normal fault (with dips in excess of 60°) zones and 
grabens prior to continental splitting. The faults do not extend 
laterally for many kilometers.  This stage was associated with 
domal uplift caused by uprise of hot upper mantle material that 
is connected with underlying mantle hotspots. Some faults are 
young enough to remain relatively uneroded, so that they 
present steep, often abrupt, faces called fault scarps, 
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separating the upthrown (upland) 
block that rise up thousands of meters 
from the downthrown (valley) block 
(e.g. Margherita Peak at 5,111 m , is 
more than 4,000 m above the Semliki 
plain.  Long fault scarps are produced 
by a number of fault offset from each 
other in an en echelon arrangement.  
East African Rift System is stretching 
over 3,000 km from the Afar triple 
junction in the Gulf of Aden to the 
Zambesi River in southern Africa 
(figure 1). The system is mainly 
confined to regions of Proterozoic 
basement, splitting into two branches 
around the East African Plateau (the 
elevated rocks of the Archean Nyanza 
Craton, thought to overlie an 
upwelling mantle plume). Rising 
magma can cause volcanoes to form 
and erupt. It can also heat ground waters into hot springs, which create warm salty lakes like 
Lake Bogoria in the East African Rift. 

The eastern branch, also known as Gregory Rift, runs from Kenya – Ethiopia border in the 
north to northern Tanzania in the south. It becomes the Kenya Rift, traversing Kenya from north 
to south in a series of alternating polarity half-grabens. In central Kenya, the rift crosses the 
localised uplift of the Kenya Dome, where the rift floor reaches a maximum at around 2,000 m in 
Naivasha of the Kenya Rift.  The elevation of the rift floor drops northwards and southwards.  In 
northern Kenya, Lake Turkana The western branch, called the Western Rift, runs from the north 
of Uganda along the western borders of Uganda and Tanzania.  It meets a re-emergent eastern 
branch in the south of Tanzania at a "Y" shaped structure. The western branch is bounded by 
fault zones, about 40-50 km apart while the eastern branch is wider around 50-100 km wide.  
Similar to the eastern branch, the floor of the western graben reached its highest altitude near the 
center in the Kivu area (Lake Kivu is 1460 m) and drops away to the north (Lake Albert is 617 
m) and the south (Lake Tanganyika is 774 m).   

The drop in altitude to the south is even greater because the Lake Tanganyika is 1,471 m 
deep at its maximum, making its base nearly 700 m below sea level. 
The Western Rift has localized volcanism. It is characterized by large and deep with significant 
fluvial influent and effluents. The lakes of the Western Rift are freshwater as they are hosted by 
crystalline Precambrian rocks and all have outlets. The water in the Western Rift is less basic and 
often clearer because it is filtered of minute particles. Addionally, most Precambrian rocks such 
as granite are more resistant to chemical and physical weathering compared to the lavas of the 
Gregory Rift. The northern lakes of Edward and Albert drain northwards via the river Nile, while 
Lake Kivu and Lake Tanganyika eventually drain westwards into the Congo river and Lake 
Malawi drains to the south.   

Although numerous lakes are present in both arms of the EARS, there are notable 
differences in their tectonic style, distribution, morphology and hydrologic characteristics of the 
lake basins.  

The Great African Rift 
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RIFT VALLEY LAKES 
 

The Rift Valley Lakes are a group of lakes formed by the Great Rift Valley of eastern Africa. 
These lakes include some of the oldest, largest and deepest lakes in the world. 
1. Ethiopian Rift Valley lakes 

The Ethiopian Rift Valley lakes are the northernmost of the African Rift Valley lakes. In 
central Ethiopia the Great Rift Valley splits the Ethiopian highlands into northern and southern 
halves, and the Ethiopian Rift Valley lakes occupy the floor of rift valley between the two 
highlands. Most of the Ethiopian Rift Valley lakes do not have an outlet, and most are alkaline. 
The largest of these lakes is Lake Abaya (1,160 km2, elevation 1,285 m); other major lakes 
include Lake Chamo (551 km2, 1,235 m), Lake Awassa (129 km2, elevation 1,708 m), Lake Zwai 
(485 km2, elevation 1,636 m).  Lake Tana, the largest lake in Ethiopia, is the source of the Blue 
Nile. It is a circular basin 70 km in diameter, set in Quaternary volcanic rocks. Although Lake 
Tana is located in fault-bounded grabens, it is not related to the East Rift Valley, but lies in the 
Ethiopian highlands north of the Rift Valley.  Average depth is 8 m, over 3,600 km2 in area at an 
elevation of 1,800 m. There are 37 islands in the lake. Although Lake Tana is relatively small in 
comparison with some great lakes in Africa (Lake Victoria is approximately 20 times larger), it is 
very important to Ethiopia as a permanent source of both water and hydroelectricity in the 
drought-prone region. Rainfall averages 1,315 mm/year, but evaporation is higher, about 1,800 
mm/year. 

 

 
Lake Tana was formed by a volcanic blockage that reversed the previously north-flowing Blue 
Nile and created one of Africa’s greatest waterfalls, known as Tis Abay or Tis Isat. South of the 
Ethiopian highlands, the Rift Valley splits in two. The Eastern Rift is home to the Kenyan Rift 
Valley lakes, and most of the Central African Rift Valley lakes lie in the Western Rift. 

Lakes of Ethiopia 



 

 24

The Tana basin is perched within a plateau setting that averages 2000 m in elevation. The 
Tana area is characterized by widespread dike and pipe feeders which contributed to the mid-
Tertiary flood basalt flows of this sector of the Ethiopian plateau (Mohr and Zanettin, 1988). 
Especially during the later stages of volcanism, however, magmatic egress became focused and 
built-up large shield volcanoes. 
 
2. Eastern Rift (Gregory) Valley Lakes 

Eastern Rift is characterized by extensive volcanic activity that disrupted drainage and 
helped create small, shallow lake basins (except Turkana). The Kenyan section of the Rift Valley 
is home to eight lakes, of which two are freshwater and the rest alkaline. The largest of the 
Kenyan lakes is Lake Turkana. Lake Logipe is a seasonal lake just south of Lake Turkana. 
Further south are lakes Baringo, Bogoria, Nakuru, Elmenteita, Naivasha and Magadi. Some lakes 
have shown great potential as commercial sources of ore salts.  Lake Baringo is the second 
largest of the Kenyan Rift Valley lakes at 129 km2, and is one the two fresh water lakes in Kenya.  
Lake Naivasha is Kenya's other freshwater lake, with an area of 195 km2, which varies somewhat 
with rainfall. It is the highest of the Kenya's Rift Valley lakes at an altitude of 1,884 m.  Kenya's 
other rift valley lakes are small shallow soda lakes, with crystallized salt turning the shores white.  
Algae and tiny crustaceans live in the alkaline waters. The eastern rift continues into Tanzania, 
where alkaline Lake Natron and Lake Eyasi. 

Weathering of volcanic rocks produces runoff waters enriched in Na+ and HCO3-.  In Africa, 

Soda Ash (sodium carbonate-rich waters (Na2CO3.H2O)) deposits has been identified in Magadi, 
Natron and Eyasi lakes Generally, the bed of the deposit consists of brine (a solution containing 
sodium carbonate-rich waters (Na2CO3.H2O), sulfate and sodium salts) that is the body of the 
lake water, with a superimposed layer of crystalline trona (Na2CO3 NaHCO3 2H2O), i.e., 

Na3H(CO3)2.2H2O) formed due to evaporation of the water content from this brine.  The brine 
flow into lake Natron appears to be considerably high.  
a. Turkana (Rudolf or Rudolph) 
Lake Turkana is the largest closed basin-Lake and most northerly of all the Rift Valley lakes, 
with a delta extending into Ethiopia and measuring 257 km by 48 km at its widest with a mean 
width of 30 km and average depth of 31 m.  Its catchement area is 130,860 km2.  It is also the 
largest desert lake in the world (7,600 km2). Lake Turkana got its name from the tribe Turkana. 
The altitude of the lake is 400 m above sea level, representing the lowest altitude in the EARS. 
Lake Turkana occupies the beds of two grabens at the northern end of the Kenyan Great Rift 
valley in barren desert volcanic lava beds with little to no vegetation. Until 2 million years ago 
this great body of water was a freshwater lake fed from the north by the Omo River in Ethiopia. 
Today, Turkana has no outlet and the water is highly alkaline due to the chemical composition of 
the alkaline volcanic rocks, reduced inflows and high evaporation.  Lake Turkana is the most 
saline (2.5‰) of Africa's large lakes. It is barely drinkable.   

Lake Turkana has three volcanic islands, north, central and south: Central Island is a small 
active volcano with three saline crater lakes; South Island measures 11 x 4.5 km. 98% of the 
lake’s water comes from Ethiopia via the Omo River, and most of the rest from two southern 
tributaries, the Kerio and the Turkwel, which is being dammed for hydroelectric power 
generation at Turkwel Gorge (150 km west of the lake). 
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Water is lost from the lake mainly by evaporation. The 
lake level records 3 to 4 m seasonal fluctuations. The level 
dropped 20 m during the past century. The climate is very 
hot, arid and very windy.  The air temperature ranges 
between 19.2° and 39.9°C with a mean daily temperature 
range of 31°C - 33°C. The total annual rainfall is less than 
200 mm and is unpredictable though most likely between 
March and May.  It may not rain for years.  
b. Lake Baringo and Lake Bogoria Basins 

Lake Baringo and Lake Bogoria basins occupy the 
eastern flank of the axial trough of the Gregory Rift in 
Central Kenya. They are connected within the same half-
graben system and separated by the board, locally 
swampy, alluvial Loboi Plain. Lake Baringo is the second 
largest of the Kenyan Rift Valley lakes at 129 km2, and is 
one the two fresh water lakes in Kenya.  Lake Naivasha is 
Kenya's other freshwater lake.   
Bogoria water enriched in trona, originates from about 200 
alkaline hot springs, seasonal runoff, and direct 
precipitation on the lake surface.   
c. Naivasha - Elmenteita - Nakuru Basin 
There are a few lakes in Africa that have no surface outlet but are nevertheless almost fresh.  
Lake Naivasha is an example of that.  It has freshwater because it may have underground outlet, 
or because wind removes salt-laden dust from the shores during low level periods. Lake Naivasha 
is the highest of the Kenya's Rift Valley lakes at an altitude of 1,890 m.     
d. Lake Magadi – Natron Basin 

Lakes Magadi and Natron are situated in a closed basin in the southern part of the Eastern 
Rift. Numerous salt lakes, saline springs and some areas of internal drainage covered by salt crust 

Mean physiographic data of the lakes in the Eastern Rift in m and m3.   
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during several months of the year are found in the center of the Eastern Rift. They are surrounded 
by escarpments and volcanic mountains, one of which is active.  
Lake Magadi is an active salt lake, containing a thick deposit of trona.  It is an ephemeral lake 
with brine water.  It is the most saline water (20 - 31‰) in the Eastern Rift.  Lake Magadi also 
account for extremely high silica concentrations in the lake brines, forming with Na2O new 
minerals Magadiite and Kenyaite.    

Lake Natron is a soda lake located north of the Ngorongoro Highlands in the bottom of the 
Gregory Rift, eastern branch of the African Rift Valley. To the south is the active volcano, Ol 
Doinyo Lengai, and to the west, above the rift escarpment, is the edge of the Serengeti 
ecosystem.  The lake area is home to nomadic Maasai tribe.  

The Lake Natron brine is found to contain at least 8% NaCl.  It is supplied by hot springs of 
volcanic origin and by fumaroles emanations from Ol Doinyo Lengai. It is estimated that, at least 

2,100 km2. of the North Western part of the lake is covered with a layer of mixed salts averaging 
1.5 m in thickness.  The Ol Doinyo Lengai, located on the South side of the lake is still as active 
volcano.  It seems that the concave areas were further formed inside the great Rift Valley, and 
one of these has become the present Natron Basin. The constituent rocks in the surrounding areas 
of Lake Natron are mainly pre-Cambrian basement rocks and the Volcanic rocks that were 
generated after the Neogene. The Precambrian layer experienced severe metamorphism and 
folding, towards the end of the Precambrian era and beginning of Paleozoic Period (620 to 485 
Ma). Consequently, the composition of the rocks is represented by quartzite, gneiss, schists, etc, 
and the volcanic rocks created after Neogene are basalt and trachyte. However, much of the areas 
surrounding Lake Natron consist of the volcanic rocks that generally present high alkalinity.  The 
younger the age of the volcanic rock is, the higher its alkalinity. In Ol Doinyo Lengai, that is 
considered to be the youngest volcano, is presenting eruption of carbonates consisting of sodium 
carbonate (Na2CO3) and calcium carbonate (CaCO3). The existence of new volcanic rocks and a 

number of faults in the vicinity of Lake Natron generated numerous hot mineral-laden springs 
found in the surrounding area and bubble up on the periphery of the lake. The Southern Ewaso 
Ng’iro River is the main tributary also fed Lake Natron. The Peninj river flows in from the North 
West side, while the Ngare Nyiro River drains into the lake after flowing across along the border 
with Kenya. These two rivers have large valley areas, and part of the flow passes through forest 
giving those rivers a perennial flow of water. 
e. Lake Manyara  

Lake Manyara is the southernmost lake in the Eastern Rift.  It is a closed basin with no 
outlet. The western side is flanked by a deep scarp, while the eastern side is an undulating plain 
with isolated volcanic cones. Lake Manyara is the remaining part of much larger paleolake. The 
lake is fed by water from underground source.  The water that filters up into the lake is saturated 
with volcanic minerals such as sulfur and phosphorus.  During the hot seasons the evaporation 
that takes place causes a concentration of this mineral content, meaning that in common with so 
many of the lakes in the Rift Valley region, Lake Manyara is strongly alkaline. Phosphate-
bearing sediments occur at Minjingu, about 5 km easeat of the lake shoreline.  They contain bird 
bones and fish remains. Guano may have played an important role in the formation of the deposit. 
f. Lake Eyasi Basin 

Lake Eyasi lies in one of the oldest parts of the Eastern Rift Valley, it runs northeast - 
southwest for a distance of about 80 km  
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3. Western Rift Valley Lakes 
The western branch of the East African Rift Valley system trends NE or NNE along or near 

the western border of Uganda. Typically it has a width of between 40 and 50 km and is bounded 
by fault scarps 500-1,500 m high. The Ruwenzori Mountains are a tilted horst rising about 4,000 
m above the valley floor between Lakes Edward and Albert. Minor faults are common within the 
rift, and in places, notably to the north of Lake Albert and southeast of Lake Edward, the edge of 
the Rift is marked by several step faults instead of by a single fault scarp. Within the Rift Valley 
is a thick graben-fill of Neogene sediments. They consist mainly of unconsolidated, poorly sorted 
sands, clays and conglomerates. East and south of the Ruwenzori Mountains lie the Fort Portal, 
Katwe and Bunyaruguru volcanic fields that are mainly unsaturated felspathoid-bearing basic 
types with unusually high K: Na ratios. At the southwest beyond Lake Edward, the Birunga 
volcanic field has active volcanoes that include a high proportion of relatively potash rich 
felspathoid bearing types. The Western Rift contains from south to north Lakes Tanganyika, 
Kivu, Edward, George and Albert.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Map showing Western Rift Valley Lakes. 

Lake 
G  



 

 29

Lake Kivu 
Lake Kivu, volcanic barrier lake, is located on the Congo-Rwanda border. It covers 2,699 

km2 (89 km long) forming the largest lake Lake in Rwanda "Land of thousand hills" that counts 

in total 23 fresh water lakes in the Rwandan valleys. The lake has about 570 km3 water due to the 
great depth that averages 485 m. The lake lies on an altitude of 1,460 m, forming the highest lake 
in Africa. It is located south of the volcanic field containing Mt. Nyiragongo on the northern 
shore. Nyiaragongo volcano is one of the active Virunga volcanoes (8 volcanoes) on the Congo 
side, which erupted recently on 17th of January 2002 and devastated the city of Goma. The water 
of Lake Kivu is the most saline lakes (1.12‰) in the Western Rift due to the effect of volcanic 
rocks nearby the lake. 

Origin: Volcanic eruptions in Late Pleistocene formed a barrier of lava and ash across the 
Western Rift Valley. The lava completely blocked the northward flow (old Rutshuru River) to 
Lake Edward, and the water was held up and flooded the valley back over the watershed to the 
south to form Lake Kivu.     
Tanganyika Lake 

Lake Tanganyika forms the extreme western border of Tanzania and shared with Zambia, 
D.R. Congo and Burundi.  It is outstanding for its extraordinary north-south extension (670 km 
long 50 km width), representing the longest lake of the world.  It is the deepest in Africa, and 
second in the world next to Baikal, Russia (maximum depth 1,741 m, average 730 m), with a 
depth of almost 1,471 m (average depth 572 m). It is the oldest and largest of the African rift 

lakes with surface area of 33,500 km
2
, forming the second largest lake in Africa next to Lake 

Victoria. The catchment area is about 263,000 km
2
, which includes the Kivu basin and Malagrasi 

plains. It is located at an altitude of 773 m above sea level. More than 1% of the earth's 
freshwater is contained in this lake (18,900 km3) and 58% of the total African freshwater.  It is 
the largest lake in Africa based on volume of water. The lake is essentially a landlocked sea, but 
in years of heavy rain it outflows into the Lukuga River, which in turn feeds the Congo's Lualaba 
River. The main inflow is Ruzizi from Lake Kivu in the north. Salinity is not high as would be 
expected in a lake without significant outlet. It is characterized by high Mg/Ca ratio and 
consequently low salinity due to inflow via Ruzizi River. Lake Tanganyika is tectonically divided 
into two major basin north and south, which divided also to sub- basins.  It is also one of less than 
20 ancient lakes on earth. 
e. Lake Rukwa 

Lake Rukwa trends NW-SE (320 long – 40 m width), west of Tanzania.  It is shallow, the 
average depth of water ranges from 3 to 5 m, alkaline lake. Lake Rukwa is completely enclosed 
and fed by internal drainage system. 
RUKWA (sometimes also Rikwa and Hikwa), a shallow lake in German East Africa, lying 793 m 
above the sea in a NW-SE continuation of the rift-valley which contains Lake Nyasa. The sides 
of the valley here run in steep parallel walls 30 to 40 m. apart, from S.E. to N.W.  The lake has 
two large feeders, one coming from the west, the Saisi, or Momba; the other from the southeast, 
the Songwe.  Lake Rukwa water is very brackish and of a milky color from the mud stirred up by 
the wind. 
 
Lake Malawi (Nyasa, Niassa) 

Lake Malawi is a critical resource for the people of Tanzania, Mozambique and Malawi, 
who rely on it for food, drinking water, irrigation and hydroelectricity. Lakeshore inhabitants 
depend heavily on fish for their diets.  



 

 30

Lake Malawi, 500 m above sea level, is bordered and shared by three countries: Malawi, 
Tanzania and Mozambique and is known as Lake Malawi, Lake Nyasa, and Lake Niassa in each 
country respectively. Lake Malawi is the most southerly of the great African Rift Valley lakes. It 
is about 600 km long and has a greatest width of about 80 km. The surface area is about 28,800 

km2 (the ninth of the greatest world lakes, and the third of the African lakes after Victoria and 
Tanganyika. Lake Malawi is the fifth largest lake in the world by volume (8,400 km3), exceeded 
only by the Caspian, Baikal, Tanganyika and Superior. The water depth in the lake averages 292 
m. Over 90% of the lake area lies above a water depth greater than 100 m.  Lake Malawi has the 
same general form and appearance as Lake Tanganyika, being flanked by mountain ranges that 
have precipitous escarpments (shores are steep) especially in the northern half. They are both 
oriented north-south that apparently caused the same kind of seasonal changes in water 
circulation. They are also subject to a similar climatic regime. Geologically, Lake Malawi is 
younger than Lake Tanganyika.  In contrast with Lake Tanganyika, it consists of a single basin 
with greatest depth of about 770 m near the western shore.   

The inflows are mostly rather short watercourses from the escarpments and nearby 
mountains.  Although several rivers flow into the lake, there is only one outflow through the 
Shire River to the south to Zambezi.  In Lake Tanganyika, the only outlet Lukuga River outflows 
to the west to Congo. The catchment area (97,750 km2, Catchment/surface area ratio is 3:1) is 
very much smaller than that of Lake Tanganyika (263,000 km2, catchment/surface area ratio is 
8:1).  It empties south into two smaller and shallow Lakes: Lake Malombe that is drained by the 
Shire River, a tributary of the Zambezi River, and Lake Chilwa (1,750 km2, elevation 622 m, 
maximum depth 2.7 m) that lies southeast of Lake Malombe, and is the southernmost of the Rift 
Valley lakes. In the age when the highest terrace, now at an altitude of 650 m, was formed, Lake 
Chilwa may have been nearly three times as large its present size, being then connected with the 
Indian Ocean by an outlet river. The northern half of the lake is now fringed by a vast area of 
swampy vegetation.   

The salinity of the lake Malawi is comparatively low (0.19‰) being about one third of 
Lake Tanganyika (0.53‰). The difference is partly due to the absence of a major inflow of more 
saline water like the Ruzizi into Lake Tanganyika.       

 
Median Lakes 

Lake Kyoga 
Lake Kyoga is a large shallow lake of Uganda, about 1,720 km2 in area and at an elevation 

of 914 m. It consists of a number of arms. The lake is nowhere deeper than about 6 m, and most 
of it is less than 4 m in depth. It receives the outflow from the Victoria Nile and is drained 
northward and then westward over the low northern end of the Rift escarpment to Lake Albert.  
This lake is affected by water releases from the Owen Falls dam that controls the flow of water 
out of Lake Victoria.   
Lake Victoria 
Lake Victoria was named after the Queen of England. Lake 
Victoria, 1,134 m above sea level, is the largest of all African 
Lakes, and is also the second widest freshwater body in the world 
after  
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LAKE CHAD 
 

Lake Chad is one of the African continent's largest bodies of fresh water, the fourth largest 
lake in Africa, and the sixth-largest lake in the world.  Its altitude is 280 m above sea level. It is 
located in the Sahel zone of west-central Africa, and is shared between four countries: Chad, 
Cameroon, Nigeria and Niger. The majority of the lake sits in the country of Chad.   
Lake Chad and the Chari/Logone river system, which transports 90 percent of the runoff 
generated in the area basin, are important water resources for the local population. The lake is 
250 m above sea level and is shared by Chad, Cameroon, Nigeria and Niger. Lake Chad has 
always undergone seasonal and inter-annual fluctuations because it is less than 7 m deep. In 
recent decades, during wet periods the lake expands up to 25,900 km2. The warming climate and 
increasing desertification in the surrounding Sahel region have dropped water levels far below the 
average dry season level of 10,000 km2 to only 1,350 km2 (5% of the former area). 
Lake Chad has dramatically decreased in size due to climate change and human demand for 
water. Lake Chad has persistent drought since the 1960s. It shrank to about a tenth its former size 
several thousand years ago.  

The Chad basin has been forming on a section of the Precambrian African Shield for 
thousands of years. Evidence of crystalline rock has been found under the more recent deposits.  
Unlike the geologically recently formed Lake Victoria and the lakes of the Rift Valleys, it lies in 
the primordial continental basin, and has been a focus for drainage from the surrounding 
highlands at least since Cretaceous (>60 Ma).    

The Lake Chad basin covers about 2.5 million km2 (8% of the continent).  It is closed with 
no outlet to the sea.  The surface area of the lake (10,000 - 25,000 km2) depends on the water 
level.  The water volume in the lake is about 72 km3.  The lakebed is flat and shallow, so small 
changes in depth mean huge changes in area. Even in normal times, Lake Chad was no more than 
5 meters in the south to 8 m deep in the north, averaging 1.5 m in depth. It may be more accurate 
to think of it as a deep wetland.  It is fringed by a zone of swampy vegetation. 
It is bounded by the Air and Tebesti Mountains in the north, by Ennedi and Jabel Marra in the 
east, and by northern slopes of the Jos Plateau in Nigeria in the west. The main drainage comes 
from the Cameroon and Adamaoua highland in the southwest and most abundantly from the 
Bongo Massive and highlands of the Central African Republic in the southeast.   

The Chari (Shari)-Longe River is the main source of water (38.5 km3/year) for Lake Chad.  
It puts few dissolved solids into the lake. Lake Chad has a very low salt content in spite of the 
fact that it is a dryland, closed lake and does not have any true outlets. However, during the dry 
season, salt content will increase because of the low levels of rainfall. In general, the northeastern 
shoreline has the highest levels of salt recorded. 

Lake Chad's primary source of water comes from the monsoon rains that typically fall in 
June, July and August. Meanwhile, the use of water for irrigation has increased, in response to 
the drier climate. Over the last 40 years, the discharge from the Chari/Logone river system at the 
city of N'Djamena in Chad has decreased by almost 75 percent, drastically reducing the input into 
the lake. Between the increase in agricultural water use and the drier climate, there has been a 
massive decline in the amount of water in Lake Chad. 
With a drier climate and less rainfall, agricultural areas become more desperate for water to 
irrigate their crops, and will continue draining what is left of Lake Chad.   
About 50% of the decrease in the lake's size since the 1960s is attributed to human water use, 
with the remainder attributed to shifting climate patterns. 
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Lake Bosumtwi  
Lake Bosumtwi occupies a 1.07±0.05 Ma old meteorite impact 

crater located in the West African Craton at approximately 6º 30' N, 1º 
25' W in the tropical forest lowlands of Ghana. The Sahel and Sahara 
Desert lie to the north and the Atlantic Ocean is ~160 km to the south.  

Lake Bosumtwi is one of the youngest and best preserved large 
complex craters on earth. The impact structure subsurface has been 
characterized by a distinct central uplift in the NW-central part of the 
lake. The surrounding bedrock and meteorite impact target rocks are 
Proterozoic (~2,100 Ma) metagraywackes, phyllites and metavolcanic 
rocks of the Birimian Supergroup.   The current lake is 99 m above 
mean sea level, has a diameter of ca. 8 km, a surface area of 52 km2, 
and a maximum depth of 78 m. The surrounding watershed rises 
steeply to an elevation of 210 m above the present lake, where the 
crater is ca. 11 km in diameter. Because of the restricted size of its 
watershed, ca. 80% of the annual water input to the lake is from 
rainfall directly on the lake surface, which makes the lake water 
budget extremely sensitive to the precipitation/ evapotranspiration 
balance.  

Air temperature in the Lake Bosumtwi region remains relatively constant throughout the 
year, with mean annual air temperatures about 25ºC. In contrast, variations in precipitation drive 
the seasonality in the area. The region receives ~1,380 mm average annual precipitation, mostly 
during the monsoonal summer. Peak rainfall for the region is in June, while a second smaller 
rainfall peak occurs in October.  

 
GROUNDWATER 

Introduction 
Most of the Earth’s liquid freshwater is found, not in lakes and rivers, but is stored 

underground in aquifers (23% of global freshwater, and 0.57% of the total global water), which 
forms groundwater beneath the surface of the Earth. Groundwater is about 60 times as plentiful 
as fresh water in lakes and rivers on the land surface (not including ice glaciers). It is by far the 
most abundant and readily available source of freshwater, followed by lakes, reservoirs, rivers 
and wetlands: 

Groundwater represents over 90% of the world's readily available freshwater resource 
(Boswinkel, 2000). About 2 billion people, approximately one-third of the world’s population, 
depend on groundwater supplies.  
Groundwater slowly moves underground, generally at a downward angle (because of gravity).  
How it gets underground, where it is stored, how it moves, how we look for it, and how we 
protect it.  Groundwater hydrology is the subdivision of the science of hydrology that deals with 
answering all of these questions. Groundwater is in general a high-value resource and is 
especially important as a source of drinking water. 
 
Source of groundwater 

Groundwater accumulates chiefly from rain that filters through the soil.  It also forms from 
water that seeps into the ground from rivers, lakes and ponds.  How much precipitation soaks into 
the ground is influenced by:  a. climate,  b. land slope, c. soil and rock type, d. and vegetation. In 
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general about 15% of the total precipitation ends up as groundwater, but that varies locally and 
regionally from 1% to 20%.      
Porosity and permeability:   

Porosity: The ratio of openings (voids) 
to the total volume of a soil or rock is referred 
to as its porosity.  
Porosity is expressed either as a decimal 
fraction or as a percentage.  
 
 
Where: 
n    is porosity as a decimal fraction,  Vt  is the 

total volume of a rock sample,  
Vs  is the volume of solids in the sample, Vv   is the volume of openings (voids) . 

If we multiply the porosity determined with the equation by100, the result is porosity expressed 
as a percentage (%). Soils are among the most porous of natural materials because soil particles 
tend to form loose clumps and because of the presence of root holes and animal burrows . 
Porosity of unconsolidated deposits depends on the range in grain size (sorting) and on the shape 
of the rock particles but not on their size. Fine-grained materials tend to be better sorted and, 
thus, tend to have the largest porosities.  
Permeability: Although most rocks can hold some water, they vary greatly in their ability to 
allow water to pass through them.  Permeability refers to the capacity of a rock to transmit a fluid 
such as water or oil through pores and fractures.  A rock that holds much water is called porous.  
A rock that allows water to flow easily through it is described as permeable (e.g. sandstone). An 
impermeable rock is one that does not allow water to flow through it easily (e.g. granite). The 
finer the grain size, the lower the permeability. Shales and mudstones have relatively high 
porosities but very low permeabilities because the pores are very small. 
Water table 

Groundwater moves downward under the influence of gravity. The subsurface zone in 
which all rock openings are filled with water is called saturated zone. Above the saturated zone 
is a zone that is generally unsaturated and is referred to as the vadose zone or zone of aeration 
that has a mixture of air and water in the pore spaces. Water stored in the vadose zone is called 
soil moisture or vadose water. The upper surface of the saturated zone or the surface that 
separates the zone of aeration from the zone of saturation is called water table. The water table is 
not a planar surface.  It rises under hills and is depressed in valleys. The level of the water table 
can fluctuate as a function of withdrawal and influx (recharge) of new groundwater.   
A perched water table is the top of a body of groundwater separated from the main water table 
beneath it by a zone that is not saturated. It may form as groundwater collects above a lens of 
permeable shale within a more permeable rock, such as sandstone.  
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A spring is a place where flows naturally from 
rock onto the land surface. Some springs discharge 
where water table intersects the land surface, but they 
also occur where water flows out from caves or along 
fractures, or faults. 
Hot springs are springs in which the water is warmer 
than the human body temperature.  Water can gain heat 
by circulating near magma or deeply in the earth along 
joints or faults. A geyser is a type of hot spring that 
periodically erupts hot water and steam. A hot groundwater comes to the surface and cools. It 
may precipitate some of its dissolved ions as minerals.  Travertine  is a deposit of calcite that 
often forms around hot springs, while dissolved silica precipitates as sinter.   
 
Aquifer Materials 

An aquifer is a body of rock or sediment saturated with water that can move easily. The 
amount of water stored in an aquifer depends on the volume of pore spaces or fractures. Good 
aquifers include sandstone, conglomerate, well-jointed limestone and bodies of sand and gravel.  
In a sand or gravel, pore spaces may account for 20% to 30% of the total volume occupied by the 
sediment.  Because they are not very porous, crystalline rock such as granite, gabbro, gneiss, 
schist and some types of limestone are not good aquifers, some \times they are called aquitards 
because they retard the flow of groundwater. Water beneath the land surface occurs in two 
principal zones, the unsaturated zone and the saturated zone. In the unsaturated zone, the 
voids—that is, the spaces between grains of gravel, sand, silt, clay, and cracks within rocks-
contain both air and water. Although a considerable amount of water can be present in the 
unsaturated zone, this water cannot be pumped by wells because it is held too tightly by capillary 
forces. The upper part of the unsaturated zone is the soil-water zone. The soil zone is crisscrossed 
by roots, voids left by decayed roots, and animal and worm burrows, which enhance the 
infiltration of precipitation into the soil zone. Soil water is used by plants in life functions and 
transpiration, but it also can evaporate directly to the atmosphere. In contrast to the unsaturated 
zone, the voids in the saturated zone are completely filled with water. Water in the saturated zone 
is referred to as groundwater. Below the water table, the water pressure is great enough to allow 
water to enter wells, thus permitting groundwater to be withdrawn for use. From the standpoint of 
ground-water occurrence, all rocks that underlie the Earth's surface can be classified either as 
aquifers or as confining beds. A confining bed is a rock unit having very low hydraulic 
conductivity that restricts the movement of ground water either into or out of adjacent aquifers. 
Groundwater occurs in aquifers under two different conditions. Where water only partly fills an 
aquifer, the upper surface of the saturated zone is free to rise and decline. The water in such 
aquifers is said to be unconfined, and the aquifers are referred to as unconfined aquifers. 
Unconfined aquifers are also widely referred to as water-table aquifers. Where water completely 
fills an aquifer that is overlain by a confining bed, the water in the aquifer is said to be confined.  
Such aquifers are referred to as confined aquifers or as artesian aquifers. 
The movement of groundwater 

Compared to the rapid flow of water in surface streams, most groundwater moves relatively 
slowly through rock underground.  
Hydraulic conductivity (K): 

Aquifers transmit water from recharge areas to discharge areas and thus function as porous 
conduits (or pipelines filled with sand or other water-bearing material). The factors controlling 

spring 
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 THE MOVEMENT OF GROUNDWATER

groundwater movement were first expressed in the form of an equation by Henry Darcy, a French 
engineer, in 1856. Darcy's law is: 

Q  =  K A (dh / dl) 
Where:  Q  is the quantity of water per unit of time (m/d);  

K  is the hydraulic conductivity, it is a measure of permeability (m/d);  
 A  is the cross-sectional area, at a right angle to the flow direction, through  

      which the flow occurs (m); and  
  dh/dl  is the hydraulic gradient. 

 
The hydraulic conductivity (K) depends on the size and 

arrangement of the water-transmitting openings (pores and fractures) 
and on the dynamic characteristics of the fluid (water) such as 
kinematic viscosity, density, and the strength of the gravitational field. The units of hydraulic 
conductivity are those of velocity (or distance divided by time). It is important to note from that 
the factors involved in the definition of hydraulic conductivity include the volume of water (Q 
that will move in a unit of time (commonly, a day) under a unit hydraulic gradient (such as a 
meter per meter) through a unit area (such as a square meter). Hydraulic conductivity replaces the 
term "field coefficient of permeability" and should be used in referring to the water transmitting 
characteristic of material in quantitative terms.  It is still common practice to refer in qualitative 
terms to "permeable" and "impermeable" material. 

 
 
 
 

 
 
 
 
 
 
 
 
Interaction of groundwater and streams: 

Streams interact with groundwater in all types of landscapes. The interaction takes place in 
three basic ways: Streams gain water (gaining or effluent streams) from inflow of ground water 
through the streambed, streams lose water to groundwater by outflow through the streambed 
(losing or influent streams), or they do both, gaining in some reaches and losing in other reaches.  
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Wells 
A Well is a deep hole, generally 

cylindrical, that is dug or drilled into 
the ground to penetrate an aquifer 
within the saturated zone. Wells open 
to unconfined aquifers are referred to 
as water table wells.  The water level 
in these wells indicates the position of 
the water table in the surrounding 
aquifer.  Wells drilled into confined 
aquifers are referred to as artesian 
wells. The water level in artesian wells 
stands at some height above the top of the aquifer but not necessarily above the land surface. If 
the water level in an artesian well stands above the land surface, the well is a flowing artesian 
well. The water level in tightly cased wells open to a confined aquifer stands at the level of the 
potentiometric surface of the aquifer. In an artesian well, water flows against gravity to the earth's 
surface because of hydrostatic pressure. Hydrostatic pressure is created from the fact that most of 
the aquifer's water resides at an elevation greater than the well opening. The overlying weight of 
this water creates the hydrostatic pressure. 
Types of wells:  

Digging a well by hand is becoming outdated today.  Modern wells are more often drilled by 
a truck-mounted drill rig.  Still, there are many ways to put in a well -- here are some of the 
common methods.   
1. Dug wells: Hacking at the ground with a pick and shovel is one way to dig a well. If the 

ground is soft and the water table is shallow, then dug wells can work. They are often lined 
with stones to prevent them from collapsing. They cannot be dug much deeper than the water 
table. 

2. Driven wells: Driven wells are still common today. They are built by driving a small-
diameter pipe into soft earth, such as sand or gravel. A screen is usually attached to the 
bottom of the pipe to filter out sand and other particles. Problems? They can only tap shallow 
water, and because the source of the water is so close to the surface, contamination from 
surface pollutants can occur. 

3. Drilled wells: Most modern wells are drilled, which requires a fairly complicated and 
expensive drill rig.  Drill rigs are often mounted on big trucks. They use rotary drill bits that 
chew away at the rock, percussion bits that smash the rock, or, if the ground is soft, large 
auger bits.  Drilled wells can be drilled more than 300m deep. Often a pump is placed at the 
bottom to push water up to the surface.  

When water is pumped from a well, the water table is 
typically drawn down around the well into a depression 
shaped like an inverted cone known as a cone of 
depression.  
When withdrawals start, the water level in the well begins 
to decline as water is removed from storage in the well.  
The head in the well falls below the level in the 
surrounding aquifer. As a result, water begins to move 
from the aquifer into the well. As pumping continues, the 
water level in the well continues to decline, and the rate of 
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flow into the well from the aquifer continues to increase until the rate of inflow equals the rate of 
withdrawal. 
Effects of groundwater actions 

Caves are naturally formed underground chambers in areas underlain by limestone. 
Deposits of carbonates tend built up in caves by dripping water are called dripstone. Stalactites 
are icicle-like pendants of dripstone hanging from cave ceilings. Stalagmites are cone-shaped 
masses of dripstone formed on cave floors, generally directly below stalactites. Solution of 
limestone underground may produce features that are visible on the surface. Sinkholes are closed 
depressions found on land surfaces underlain by limestone. They form either by collapse of a 
cave roof or by solution. An area with many sinkholes, caves, springs, and streams that 
"disappear underground is said to have karast topography. Groundwater is important in 
preservation of fossils such as petrified wood.   
 
PROBLEMS WITH GROUNDWATER 
1. Subsidence occurs when the rate of withdrawal exceeds recharge. It is common to 

sedimentary aquifers. Pore pressure of water keeps grains apart, when water is withdrawn, 
grains compact into denser form an then subsidence happens, e.g., San Joaquin Valley, 
California: 30 cm/yr subsidence. 

2. Saltwater intrusion. 
3. Groundwater contamination 

a) Pesticides and herbicides used in agricultural crops can find their way into groundwater.  
b) Rain can leach pollutants from city dumps into groundwater. 
c) Liquid and solid wastes from septic tanks, sewage plants, and animal feedlots and 

slaughterhouses may contain bacteria, viruses, and parasites that can contaminate 
groundwater.    

d) Liquid water containing heavy metals such as cyanide from industries. 
e) Acid mine drainage from coal and metal mines. 
f) Radioactive waste. 
g) Gasoline, which leaks from gas station storage tanks. 
h) Natural contamination from minerals within rock and soil. 

 
GROUNDWATER IN AFRICA 

Groundwater is extremely important in Africa. It is estimated that more than 75% of the African 
population uses groundwater as the main source of drinking water supply. This is particularly so 
in North African countries. Problems with freshwater availability in Africa are further 
complicated by highly variable levels of rainfall. As a result, large numbers of people are 
dependent on groundwater as their primary source of freshwater. In Algeria, for example, more 
than 60% of all withdrawals are from groundwater and, in Some countries, including Algeria, 
Egypt, Libya, Mauritius, Morocco, South Africa and Tunisia, make use of desalinated water to 
assist in meeting their withdrawal requirements. Also in Southern African countries like 
Botswana, Namibia, and Zimbabwe. However, groundwater accounts only for about 15% of the 
continent's total renewable water resources. In South Africa, for example, groundwater accounts 
for only 9%.   
Water use in Africa, as in other developing regions, is dominated by agriculture. Indeed, Africa 
has the highest percentage use by agriculture of any major region and, conversely, the lowest 
percentage of domestic or industrial uses. It is estimated that 88% of water in Africa is used for 
agriculture.  Although these figures give the impression that irrigation is relatively common in 
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African agriculture, only 5% of total crop land is, in fact, irrigated, compared with 29% for Asia. 
This is to some extent a function of the peculiar geography of Africa, which includes inaccessible 
aquifers in West Africa, making groundwater irrigation extremely expensive, and unreliable 
surface-water flows elsewhere, making other kinds of irrigation highly risky.  
Much of sub-Saharan Africa is underlain by Precambrian crystalline rocks (generally poor 
aquifers) that have been subjected to long-term weathering. Aquifers occur in the fractured 
bedrock and at the base of the unconsolidated overburden where coarser bedrock fragments 
predominate.  
From several lines of evidence, this water was derived from precipitation during the period of 
25,000 to 5,000 years before the present, when the climate of North Africa was quite different 
from that of today. This water probably was recharged at rates that were less than 1 millimeter 
per year, which is extremely slow. Since no appreciable groundwater recharge occurs in this 
region in modern climate conditions, this resource must be considered as non-renewable, similar 
to the situation for fossil fuels such as petroleum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Groundwater resources of Africa 
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Nubian Sandstone Aquifer (NSA) 
The Nubian Sandstone Aquifer System (NSAS) is the world’s 
largest fossil water aquifer system. It is located underground 
in the Eastern end of the Sahara Desert. It is shared among 
four countries, Egypt, Libya, Sudan and Chad. NSAS contains 
an estimated 150,000 km3 of groundwater. The Centre for 
Environment and Development for the Arab Region and 
Europe (CEDARE) is developing a regional strategy for the 
sustainable utilization of the aquifer, to be adopted by the four 
sharing countries. This strategy will consider sustainability of 
the resource, as well as the development dimension in each 
country, based on current and future needs. 
Overview 
NSAS covers a land area spanning just over two million km², 
including north-western Sudan, north-eastern Chad, south-
eastern Libya, and most of Egypt. Containing an estimated 150,000 km³ of groundwater, the 
significance of the NSAS as a potential water resource for future development programs in these 
countries cannot be overstated. Recently the Great Man-made River Project (GMMR) in Libya 
began extracting massive amounts of water from this aquifer, removing an estimated 6.5 million 
m³ per day. This system is primarily used to supply water in the Al Khufrah Oasis. 
Since 2001, the NSA situated between the Toschka and Abu Simbil areas of Egypt underwent 
intensive drilling and development as part of a land reclamation project. Drilling information was 
used to conduct a variety of studies regarding the hydrogeological setting of the area's aquifer. 
Results indicated that lithological characteristics and tectonic settings are having a substantial 
affect on groundwater flow patterns and the area's overall aquifer potentiality, which is 
considered relatively low when compared to neighboring areas in eastern Oweinat or Dakhla. 
GEOLOGY 
The aquifer is largely composed of hard ferruginous sandstone with great shale and clay 
intercalation, having a thickness that ranges between 140-230 meters. Groundwater type varies 
from fresh to slightly brackish (salinity ranges from 240-1300 ppm). The ion dominance ordering 
shows that sodium cation is most commonly predominating over calcium and magnesium - 
whereas chloride is predominant over sulfate and bicarbonate. The groundwater is related to 
meteoric origin. High concentrations of sodium, chloride, and sulfates reflect the leaching and 
dissolution processes of gypsiferous shales and clay, in addition to a lengthy duration of water 
residence. 
In conclusion Africa is blessed with substantial rainfall and water resources. Yet, it has severe 
and complex natural and man-made problems that constrain the exploitation and proper 
development of its water resources potential. Freshwater lakes in Africa have a total volume of 
30,567 km3 and cover a surface area of almost 166,000 km2. 
Significant features of water resources in Africa are: 
1. The extremely low runoff in relation to precipitation, in which the renewable water resources 
constitute only about 20% of the total rainfall. 
2. Great temporal and spatial variability of rainfall in Africa, where the freshwater resources are 
distributed unevenly across Africa. The western Africa and central Africa have significantly 
greater precipitation than northern Africa, the Horn of Africa and southern Africa.  
3. Most African countries also experience extremes of rainfall (periodic flooding or drought). 


