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Executive summary 

There are plans for the construction of a multi-purpose dam in the White Volta River near 

Pwalugu in northern Ghana. The reservoir that will be formed should be beneficial for 

hydropower generation, irrigation and fishery. Up to now there has been no research into the 

morphological consequences of the creation of this reservoir. In this study the rate and location 

of sedimentation in the reservoir and the erosion of the riverbed downstream of the dam are 

investigated. Sedimentation could lead to a loss of storage capacity having less water available 

for hydropower generation and irrigation purposes. Delta deposition (i.e. sedimentation of 

coarse sediment in the upstream part of the reservoir) could lead to higher water levels in the 

river upstream, causing an increased risk of flooding. Erosion of the riverbed downstream of the 

dam could lead to decreased water levels in the downstream reach. This could provoke 

riverbank collapse and have negative effects on agriculture due to lowering of groundwater 

levels. Possibly bridges downstream could be damaged by scouring of the foundations. The aim 

of this research is to understand the large-scale morphological processes and to give first order 

estimations of the morphological changes. Additionally, the sediment balance of the White Volta 

catchment is investigated to estimate landscape erosion. The method consists of a literature 

study, a field study and a morphological model (SOBEK) of the White Volta River.  

 

The total sedimentation in the intended reservoir has been analysed by determining the yearly 

sediment transport of the White Volta River. The estimation is based on field measurements, 

conducted in September 2011 at a location close to the proposed dam site, supplemented with a 

literature study and theoretical transport formulas. The yearly average sediment inflow 

appeared to be ± 1 million ton/year. The theoretical trap efficiency of the reservoir is nearly 

100%, so it is assumed that all sediment will be deposited. If all sediment settles in the active 

storage of the reservoir, this would mean a storage loss of 3% per 100 years. The impact of this 

storage loss on the functions of the reservoir is considered negligible.  

 

The delta deposition (i.e. sedimentation of coarse material) and the erosion downstream of the 

dam have been estimated using SOBEK RE, a 1D software package capable of solving the 

hydrodynamic, sediment transport and morphological equations. The model parameters 

followed from the field research. The delta deposition depends on the water level variation in 

the reservoir. If the water level varies between maximum and minimum operative level, the 

reservoir will vary in length over 40 km and most of the delta deposition will occur in this 

region. The delta deposition is propagating in both upstream and downstream direction. Due to 

upstream propagation the riverbed level upstream of the reservoir will also increase. After 50 

years, the effect is restricted to ± 30 cm just upstream of the lake and has damped out at the 

border of Burkina Faso. The water levels will slightly increase during high flows. More research 

is needed to analyse the increased risk of flooding. 

 

Erosion of the riverbed downstream of the dam will occur. The released flow through the dam is 

expected to be sediment-free. As the sediment concentration is lower than the sediment 

carrying capacity, the river will take up sediment and the bed will experience erosion. The 

riverbed level could decrease by 20-30 m in 50 years just downstream of the dam. The erosion 

rate is reducing in downstream direction, but propagating in time. After ± 30 years a bridge 

near Pwalugu could be affected. The erosion could be limited locally if any coarse layers are 

present beneath the riverbed.  
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The erosion rate depends on the released flow through the dam, which is determined by the 

operational strategy. Spillage could occur when the reservoir gets completely filled. These high 

flows will have a substantial negative effect on the erosion. Spillage cannot be completely 

prevented, but the risk could be reduced by ensuring that the lake is at minimum level at the 

start of the rain season. The drawback of this solution is a decreased energy generation, as the 

lake will not fill up completely during dry years. 

 

The sediment balance of the White Volta catchment is based on sediment deposition and erosion 

rates. During the dry season there is a supply of Saharan dust into the catchment by so-called 

Harmattan winds. During the rain season eroded material is flowing out of the catchment as 

suspended sediment in the White Volta River. The Harmattan dust deposition rate has been 

derived from literature. The sediment deposition and erosion rate are equal (± 15 mm/1000 

years), therefore there is no net landscape erosion in the White Volta catchment. Some parts 

might be eroding and some parts accumulating, but on average there is equilibrium. 

To analyse if there are areas more prone to erosion, the origin of deposited sediment on the 

riverbanks was analysed. This sediment has been collected during the field research in 

September 2011 and subsequently the texture and mineralogy have been analysed. This has 

been compared to the composition of the soil in the catchment and the composition of 

Harmattan dust. Both compositions were derived from literature. The texture of the deposited 

sediment on the riverbanks appeared to be mainly silt and clay. The mineralogy of the sediment 

is quartz, feldspar and kaolinite. As these minerals are abundant in the soil as well as in 

Harmattan dust, no definite conclusions can be drawn on the origin of the sediment.  

 

The general conclusion is that the creation of a reservoir will have morphological effects in the 

reservoir and downstream of the dam. In the intended reservoir sedimentation will occur, but 

the effect on the functions of the reservoir is negligible. Delta deposition will mainly occur within 

the reservoir and partly in the upstream riverbed. As the sand will be spread out over a large 

distance the riverbed increase will be limited. The effect on the water levels in the river should 

be further investigated. There will be significant erosion of the riverbed close to the dam. In the 

future the riverbed erosion could damage Pwalugu bridge. Other negative consequences such as 

bank collapse and the draw down of groundwater levels could occur locally. 

 

Applying sediment management strategies could reduce the impact on the river morphology. 

Possible measures to reduce the erosion and sedimentation rates include dredging or sluicing of 

high-turbidity currents. The factors that are most determining the results of this study are the 

riverbed composition and the suspended sediment load. In order to obtain more accurate 

results, model refinement should start with collecting more data in the field.  
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1 Introduction 

1.1 Background 

For several decades there are plans for constructing a multi-purpose dam in the White Volta 

River in Ghana. The reservoir that will be formed should be beneficial for hydropower 

generation, irrigation and fishery. A prefeasability study (COB, 1993) has lead to an optimal 

location and dimension of the dam, based on an economical analysis of costs and revenues. The 

World Bank is interested to invest in this project and will probably carry out a feasibility study in 

the near future.  

 

This Master’s Thesis research, which is executed in cooperation with HKV CONSULTANTS, is aiming to 

give an estimation of the morphological consequences of the creation of a reservoir. Up to now 

there has been no research on this subject. It is expected that sediment transported by the 

river will be trapped in the reservoir. This could eventually lead to a loss of storage capacity and 

therefore affecting the functions of the reservoir. There are also morphological consequences 

expected downstream of the dam: the riverbed will experience erosion as the sediment-free 

water will try to restore the sediment carrying capacity. 

 

The area of research is located in the north-eastern part of Ghana. The reservoir that will be 

formed is presented in Figure 1.1. As part of the research, field measurements have been 

carried out downstream of the intended dam (Pwalugu) and upstream of the reservoir, in 

Nangodi (Red Volta) and Yarugu (White Volta). 

 

In 2011 and 2012 HKV has developed a flood early warning system for northern Ghana. As part 

of this project a hydraulic model of the White Volta River has been created. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Intended reservoir, Northern Ghana. 1 = Pwalugu (White Volta), 2 = 

proposed dam site, 3=Nangodi (Red Volta), 4=Yarugu (White Volta) 
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1.2 Research objective 

The main objective of this research is to make an estimation of the sedimentation in the 

intended reservoir at Pwalugu and the erosion of the riverbed downstream of the dam. As this is 

the first research carried out on this specific subject, the aim is to give a preliminary analysis of 

the morphological consequences. Further research should refine both the results and method 

used.  

First, the sediment transport load of the White Volta river has to be estimated. A distinction has 

to be made between wash load (silt, clay) and bed material load (sand) as they have different 

settling characteristics. By using a morphological model the rate and location of sedimentation 

in the reservoir could be estimated, as well as the bed erosion downstream. The parameters of 

the model will be derived from a field study, in combination with a literature study. As the 

morphological consequences depend on the operation of the dam, different operational 

scenarios will be investigated. 

 

Another objective is to make an estimation on catchment erosion, by setting up a sediment 

balance between Harmattan dust deposition1 and sediment transport through the White Volta 

river. 

 

1.3 Research questions 

The main research question is: What are the effects on river morphology with the 

creation of a reservoir near Pwalugu? This main research question is divided into several 

sub questions: 

 

• What is the rate and location of sedimentation inside the reservoir? 

o How much sediment will flow into the reservoir? 

o What is the trap efficiency of the reservoir? 

o What is the proportional sediment input of the White Volta River, Red Volta 

River and lateral inflow?  

o What is the siltation in the reservoir? 

� What is the proportion of wash load to the total sediment input? 

o What is the delta deposition in the reservoir? 

� What is proportion of bed material load to the total sediment input? 

o How do operational strategies of the dam affect sedimentation? 

o What is the effect of sedimentation on the storage capacity of the reservoir?  

 

• What is the rate and location of bed erosion downstream of the dam? 

o What is the effect of operational strategies of the dam on the erosion? 

o How does erosion develop in time?  

 

• What is the sediment balance of the White Volta catchment area?  

o What is the origin of the sediment transported by the river? 

o What is the Harmattan dust deposition rate? 

o Does texture/mineralogy of the sediment compare with that of Harmattan dust?  

 

                                               
1
 During the dry season Saharan dust is deposited in the White Volta catchment, by sediment-laden Harmattan winds 
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1.4 Report outline 

This report starts with the theoretical background on sediment transport and sedimentation in 

reservoirs, chapter 2.  

In chapter 3 the topological and morphological characteristics of the White Volta basin are 

described, containing a literature study on Harmattan dust deposition and sediment transport 

through the White Volta river.  

Chapter 4 contains information on the intended dam and reservoir. Hereby the objectives of the 

reservoir, the decision making process for this particular location and the dimensions of both 

dam and reservoir are discussed.  

In chapter 5 the main method, results and conclusions of a four-week field study in northern 

Ghana are presented, details are available in Appendices.  

The conclusions of the field study are used in chapter 6, where the morphological consequences 

are modelled in a 1D- hydrodynamic software package SOBEK RE.  

In chapter 7, the accuracy of the model and fieldwork results are addressed in a discussion.  

The main conclusions are summarized in chapter 8. In this chapter there will also be feedback 

on the research questions.  

In chapter 9 recommendations on a sediment management strategy are given. Finally 

recommendations are done for further research. This concerns future fieldwork, ideas on 

improvement of the model and other subjects that, in relation with the construction of the dam, 

could be investigated with this model.  
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2 Sedimentation in reservoirs 

In this chapter the general theory on sedimentation in reservoirs is presented. First the theory 

on sediment transport is discussed, followed by different mechanisms of sedimentation and the 

general impact of sedimentation on river morphology. 

 

2.1 General theory on sediment transport 

Water flowing through a riverbed exerts forces on the grains. At a certain critical velocity, the 

particles will start to move. When flow velocity increases more sediment will move and sediment 

transport takes place. Particles are lifted and dragged forward by the flow force. Sediment can 

be transported either as bed load or as suspended load (Figure 2.1). Bed load is defined as the 

transport of bed material by rolling, sliding and jumping close to the riverbed. Suspended load is 

defined as the transport of sediment that is suspended in the fluid for some time. Sediment 

transport can also be classified based on the origin of the sediment. Material originating from 

the riverbed itself is called bed material load, which can be transported either as bed load or in 

suspension. All suspended material finer than the bed material is called wash load. This is 

considered to be eroded material from the upstream catchment area. Transport of wash load 

does not only depend on the transport capacity of a river, but also on the sediment availability. 

 

Figure 2.1Classification of sediment transport (Jansen, 1979) 

 

The bed material load can be estimated based on flow conditions and bed material composition 

in the local cross-section. The most commonly used prediction formulas will be discussed in 

chapter 2.1.2. In order to get a quick insight into the morphological behaviour, a simplified 

formula can be used,  
n

s m u= ⋅  which states that bed material load at a location in the cross-

section (s) is a power function (n>3) of the local flow velocity (u). n and m are constants 

determined by flow parameters and the particle size distribution of the bed material.  

 

Often, suspended load transport is not just determined by the transport capacity at the local 

cross-section, but determined by supply from the upstream reach (washload). For this, an 

empirical relationship between discharge and sediment concentration can be used. The most 

commonly used relationship is a rating curve in the form of a power function (e.g. Walling 

(1974, 1977) and Church (1975)). 

 
b

C a Q= ⋅  

 

in which C is the suspended sediment concentration in mg/l, Q is the water discharge in m3/s 

and a and b are empirically derived regression coefficients. The accuracy of the sediment rating 

curve is often low, which can be attributed to variations in sediment supply and sediment 

depletion. These changes in sediment availability result in so-called hysteresis effects 
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(Asselman, 1999). These hysteresis effects can be either clockwise (Figure 2.2) or counter-

clockwise (Figure 2.3).  

• Clockwise hysteresis loops may be caused by, among others, sediment depletion in the 

channel system (Church, 1975; Spott, 1994) or the increased portion of base flow 

during the recession limb of the hydrograph (Walling, 1974; Wood, 1977).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Clockwise hysteresis 

 

• Anti- or counter-clockwise hysteresis occurs less frequently, but is often prominent 

when sediment originates from a distant source (Heidel, 1965) or when the valley 

slopes form the most important sediment source (Walling, 1979; Klein, 1984). (Sarma 

(1986) and Ashbridge (1995) mention the high rate of bank collapse just after passage 

of the flood peak, which may result in counter-clockwise hysteresis.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Counter clockwise hysteresis 

 

Asselman (1999) measured clockwise hysteresis of suspended sediment in the Rhine River and 

concludes that sediment depletion occurs during a hydrological year and during individual 

floods. It is hypothesized that sediment had been deposited under low flow conditions. During 

high flows the temporary stored sediment was eroded and the amount of available sediment 

had decreased. The same clockwise hysteresis has been found by Amos (2004) in the Burdekin 

River (Australia), which discharge pattern, catchment characteristics and climate is comparable 

to the White Volta River. There was not one dominant mechanism, but the sediment 

concentration was a combination between hydraulically limited and supply-limited transport, 

making estimation of sediment flux from discharge data difficult. Picouet (2001) found positive 

hysteresis in the Niger River during the hydrological year. He relates this to decreasing 

sediment availability and to an increased portion of the base flow during the recession limb of 
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the hydrograph. In the White Volta River clockwise hysteresis has been observed (see chapter 

5.3.1). 

 

2.1.1 Measuring sediment transport  

Bed load transport 

Bed load transport can be measured directly using mechanical bed load samplers, like the Helly 

Smith or the Bed Load Transport Meter Arnhem (Boiten, 2008). With these instruments a net is 

pressed on the riverbed, trapping sediment moving over or close to the bed. Bed load transport 

can be influenced locally due to the appearance of dunes and ripples (Figure 2.4). A changing 

bed form is an indication that the bed load is variable both in space and time. In that case, 

measurement of bed load transport needs to be executed extensively, both temporally and 

spatially, in order to give an accurate estimation.  

 

 

Figure 2.4 Bed load measurements on dunes 

Sometimes dune tracking methods are used; the propagation of bed forms is measured with an 

echo sounder and subsequently bed load transport is calculated using formulas for dune 

propagation. Another possibility is to dredge a channel and measure the rate of filling or 

progress of the upstream edge.  

 

Suspended sediment transport 

Suspended sediment load is determined by measuring the discharge and the suspended 

sediment concentration. For direct measurement of suspended concentration it is important to 

consider that the concentration is highest at the bottom and decreases in upward direction. As 

the flow velocity is lowest at the bottom and increases in upward direction, the suspended 

sediment load profile has a bell shape (Figure 2.5)  

 

 

Figure 2.5 Concentration, velocity and sediment transport profiles 
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There are different ways to measure the suspended sediment concentration with mechanical 

sampling instruments: 

• Point-integrated (PI) sampling devices measure concentrations in points or portions of 

the vertical. That way a total sediment profile can be created.  

• Depth-integrating (DI) samplers are designed to collect one sample over the entire 

depth, by transiting the stream vertical at a uniform rate.  

• Surface dip (SD) technique collects a sample from the water surface. This is the fastest 

and cheapest way of sampling, but the concentration is underestimated, as the 

concentration is lowest near the surface. To estimate the average sediment 

concentration, a correction factor (>1) should be derived. This can be done by 

comparing SD measurements with PI or DI measurements. 

A different way to sample the suspended load is by using optical or acoustical methods. The 

main advantage compared to the mechanical samplers, is that they enable continuous 

measurements without interfering the flow pattern. In practice, the optical and acoustical 

sampling methods can only be used in combination with mechanical samplers to collect water 

samples for calibration (Boiten, 2008). 

  

2.1.2 Sediment transport formulas 

Several authors have derived empirical formulas for estimation of bed material load. In 

Appendix A the formulas of Engelund-Hansen (total load), Peter-Meyer-Müller (bed load) and 

Van Rijn (suspended load and bed load) are explained. These formulas assume that the amount 

and grain size of sediment in transport depends on hydraulic parameters (e.g. bed shear stress, 

velocity) and local bed composition. Sediment availability is not taken into account. These 

predictive formulas can therefore not be applied to predict wash load.   

 

Several authors have proposed models for prediction of suspended sediment. Van Sickle (1983) 

developed a supply-based model, which computes sediment transport as a function of water 

discharge and the amount of sediment in storage. During a flood, erosion occurs and the 

sediment in storage decreases. This results in lower sediment concentrations during the falling 

limb of the hydrograph, than during the rising. By applying this model to the river Rhine, 

Asselman (1999) produced better estimates of instantaneous suspended sediment 

concentrations during high discharge events. It is mentioned that the major restriction to the 

model is that sediment in stock at the start of the season should be known, as well as the 

timing of sediment supply. Picouet (2001) developed a simple conceptual model that is very 

similar to the supply-based model and proved to give better estimates than a normal rating 

curve. 

 

2.2 Reservoir sedimentation 

When a river enters a reservoir the flow velocity decreases. As a result the sediment transport 

capacity decreases and sediment starts to settle. The coarsest sediment particles having the 

highest settling velocity will settle in the upstream part of the reservoir to form delta deposits. 

The finer sediment will be transported further into the reservoir, either by non-stratified or by 

stratified flow (turbidity currents). The different processes are shown in Figure 2.6 and will be 

explained below. Sediment can also enter a reservoir by landslides or shore erosion, but these 

processes are not considered here, because the occurrence is unpredictable. 
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Figure 2.6 Sediment deposits in reservoirs (Sloff, 1997) 

2.2.1  Delta deposits 

The delta deposit usually has a steep ridge, which is called the foreset. At this point the flow 

velocity decreases drastically, due to the large cross-sectional area. Bed load is settling directly 

below the knick point of the delta front. Sediment then avalanches from the foreset, such that it 

remains steep. As a result the foreset is moving in downstream direction. The delta deposit also 

propagates in upstream direction. This is a self-sustaining effect: the bed level increase causes 

more pronounced backwater curves, the velocities become lower and sediment starts to settle 

earlier, increasing the bed level, etc.  

In case of water level variation, the delta deposit could be eroded again during low water levels. 

Channels could be carved out through the deposited sediments. This could result in a matrix of 

fine sediment and sand fingers, frequently with a number of entrapped pools. This type of delta 

is usually an unattractive swamp, sandy waste or thixotropic mass (Sloff, 1991). Fine sediments 

in suspension will move further down, settling downstream of the foreset (i.e. creating the 

bottomset bed). 

 

2.2.2 Density currents 

Fine sediment in suspension can be transported into deeper parts of the reservoir by density 

currents. These low velocity currents on the bottom of the reservoir can be developed when 

there is a turbidity difference between inflowing water and the fresh water in the reservoir. The 

heavier inflowing water could plunge down and propagate underneath the ambient fresh water 

by stratified flow. When a turbidity current arrives at an obstacle to the flow, notably at a dam, 

it will deposit its suspended particles, forming a muddy pond. (Sloff, 1991) 
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2.2.3 Non-stratified flow 

Sedimentation of fine sediment, homogeneously present in the reservoir can be calculated 

theoretically. The fall velocity of a particle (ws) depends on the balance between submerged 

weight and hydraulic resistance and can be described by Stokes law. Assuming laminar 

conditions in a reservoir, Stokes law can be written in the following form: 

 

for 1<D<100 µm  

 

If the geometry of the reservoir is known, the residence time (T) of the water can be calculated, 

assuming that there is complete mixing thus no short-circuiting is occurring.  

 

 

 

 

With: 

V = Average volume of the reservoir 

Q = Average yearly discharge 

 

Given the total depth of the reservoir (h) it can be stated  that a certain particle will be settled 

to the bottom  if ws > h/T (Figure 2.7). This gives the following relation for a critical particle 

diameter D:  

  

 

 

 

With: 

h = average water level in the reservoir 

ν = kinematic viscosity = 1 ·10-6 m2/s 

∆ = relative density = 1.65 

g = gravitational acceleration = 9,81 m/s2  

 

 

h 

T 

ws 

u 

 

Figure 2.7 Settling of a sediment particle 

 

Given the residence time (T) and the water depth (h) all particles bigger than D will be settled. 

Also a portion of smaller particles could be settled, as h is the maximum possible distance to be 

travelled to settle. Most particles are already closer to the bottom when they start to settle.  

It is important to note that this formula only counts for laminar settling in a still fluid. In reality 

there could be turbulence created by wind or currents, which would reduce the settling velocity. 

The proposed formula is therefore a very rough approximation of the settling of a particle. If the 

particle size distribution is known, the formula could give an indication of the amount of 

sediment that will be trapped in the reservoir.   
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2.2.4 Trap efficiency 

The trap efficiency of a reservoir is the ratio of incoming sediment load that is retained in the 

reservoir to the total inflow of river sediment (C. Sloff, 1991). When the particle size distribution 

is known, a very rough estimation of trapped sediment can be calculated using the formula 

presented in the previous paragraph. Also empirical methods exist to predict the trap efficiency, 

presented graphically (Figure 2.8). Brune (1953) developed a method to determine trap 

efficiency based on the residence time of the reservoir, which is the ratio of the reservoir 

capacity (VR) and the annual inflow (QA). This method is only useful for storage-type reservoirs. 

Another method is Brown’s curve (Brown, 1958), which determines the trap efficiency based on 

the ratio of the original capacity (VR) and the watershed area. 

 

 

Figure 2.8 Empirical Trap Efficiency relationships 
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2.3 Consequences of reservoir sedimentation 

A wide range of sediment-related problems can occur due to sediment trapping. In this research 

the most important morphological consequences are described: 

 

• Loss of storage capacity 

Due to sedimentation the storage capacity of the reservoir will reduce. A 

distinction has to be made between active and dead storage. The active storage 

is the reservoir capacity that can be used for the functions of the reservoir, like 

hydropower, irrigation or flood control. The dead storage is the reservoir 

capacity below minimum operative level. Fine sediments could end up in the 

dead storage of the reservoir, therefore not having an effect on the functions of 

the reservoir until the dead storage has been filled up. Delta deposition will 

have an immediate effect on the useful storage capacity and therefore on the 

functions. 

 

• Channel agradation 

Delta deposition will not only deplete reservoir storage but can also cause 

channel aggradation extending many kilometres upstream from the reservoir 

pool. When the riverbed upstream of the reservoir rises, the water level will also 

rise. This can increase flooding of the floodplains thereby harming communities, 

infrastructure and agriculture. If delta areas become heavily vegetated, the 

upstream flood levels can be further elevated because of increased hydraulic 

roughness, and the vegetation can trap sediment promoting additional 

aggradation (Morris, 1979). 

 

• Downstream erosion 

The bed level change downstream of the dam is determined by the released flow 

and the sediment concentrations. 

Due to sediment entrapment in the reservoir, the released discharge through 

the dam contains less sediment. If the sediment concentration is lower than the 

sediment carrying capacity, riverbed erosion will occur. The river tends to reach 

a new equilibrium with a transport capacity corresponding to the released 

sediment concentration, by decreasing its slope (Sloff, 1991).  

The storage of water in the reservoir damps the downstream flood waves and 

discharge dynamics. Any sediment release from the dam (for example through 

bottom outlets) may even cause sedimentation in case of erosion. As the 

released sediments will probably be finer than the original riverbed material the 

grain-size distribution may be modified. 

Riverbed erosion has many negative effects: coarsening of the bed can make it 

unsuitable as ecological habitat and spawning site for both native and 

introduced species. Channel degradation can increase both bank height and 

bank erosion rates, increase scour at downstream bridges, lower water levels at 

intakes, reduce navigational depth in critical locations, and lower groundwater 

levels in riparian areas, adversely affecting both wetlands and agricultural areas  

(Morris, 1997). 

 

Other consequences of sediment trapping could be impairment of navigation caused by delta 

formation, abrasion of hydropower turbines by sediment particles (in case the deposited 
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sediment near the dam reaches the intakes of the turbines) or negative effects on ecosystems. 

These consequences are not treated in this report. 

 

2.4 Measures 

If sedimentation is affecting the functions of a reservoir, measures can be taken to reduce 

sedimentation. The most popular methods are hydraulic flushing and sluicing:  

• Sediment could be flushed out of the reservoir by increasing the flow, in a way that the 

deposited sediment at the bottom is resuspended and discharged through bottom 

outlets of the dam. When water levels are brought down partially, there will only be an 

effect close to the dam. Complete draw down of the water levels until the original river 

flow is obtained, would give best results. The drawback is that energy generation stops 

will occur and the reservoir might not be filled up again (Sloff, 1991). 

• Sluicing means that sediment-laden inflow is released before it can settle. This could be 

applied in case of high-density currents at the bottom of the reservoir. These currents 

could be sluiced through the dam by opening bottom outlets (Sloff, 1991). 

It is also possible to remove deposited sediment by dredging. However flushing or sluicing is 

preferred above dredging because of higher costs involved (Sloff, 1991). 
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3 White Volta basin 

In this chapter the geographical and morphological characteristics of the White Volta basin are 

described. First the topology, geology, climate and water resources management of the White 

Volta catchment are described. Hereafter the main characteristics of the White Volta River that 

are of importance for this research are discussed. The morphological characteristics are 

described containing a literature study on Harmattan dust deposition and sediment transport 

through the White Volta River. Finally the morphological impact of the creation of the Volta Lake 

is elaborated.  

  

3.1 Characteristics 

3.1.1 Physical features 

The White Volta basin is a sub catchment of the Volta basin. The other sub catchments are the 

Black Volta basin, the Oti river basin and the Lower Volta basin (Figure 3.1). The White Volta 

basin covers the largest part of northern Ghana and ± 25 % of Burkina Faso. The main river 

stems are the Red Volta and the White Volta, who both have their origin in Burkina Faso. It is in 

general a low relief basin, with elevations ranging from 42 m to 537 m. The channel slopes 

within Ghana range from 16 cm/km to 34 cm/km. 

 

3.1.2 Geology 

In Figure 3.2 the geology of the Upper East Region of Ghana is presented (Hap, 2009). The 

geology consists of three types of rocks: Extrusive rocks, intrusive rocks and sedimentary rocks. 

Extrusive rocks are formed when hot magma from inside the earth flows out onto the surface 

and cools down quickly. These volcanic rocks consist of fine crystals due to the fast cooling 

process. Intrusive rocks are formed when magma is slowly pushed up from inside the earth. The 

cooling process is taking much longer than for extrusive rocks. The magma crystallizes into 

large cystals, like present in granite. Sedimentary rocks are formed by deposition of sediment. 

Before being deposited, sediment was formed by weathering and erosion in a source area, and 

then transported to the place of deposition by water, wind, ice or mass movement (Wilson, 

2010). 

 

There is a clear geological divide in the area between the three rock types. Extrusive rocks 

(Figure 3.2, green) are mainly present in the region between Nangodi and Pwalugu and consist 

mainly of basalt. Intrusive rocks (Figure 3.2, pink) are mainly present in the north-east, 

downstream of Yarugu. Sedimentary rocks (Figure 3.2, brown/yellow) are present in the 

southern part of the Upper East Region. There is a clear divide between sedimentary and 

in/extrusive rocks, visible as an almost straight line from east to north. A large part of the White 

Volta River (upstream of Pwalugu) flows through this region dominated by sedimentary rocks. 

The finest-grained rock is present closest to the riverbed (mudstone). On the floodplains the 

rocks are larger grained (fine grained sandstone). The left bank of the river in this area is 

bordered by a steep ridge. South of the ridge there is a plateau. The rock type at the plateau is 

medium-grained sandstone (Figure 3.2, yellow). 
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Figure 3.1 Volta River basin 
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Figure 3.2 Geology, Upper East Region, Ghana With Pwalugu (White Volta River), 

Nangode (Red Volta River) and Yarugu (White Volta River) 
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3.1.3 Climate 

The climate can be characterized by average high temperatures and a pronounced dry and wet 

season. As the catchment is located near the equator and as elevations are low, the average 

annual temperature never drops below 25 °C. In the southern part of the catchment the wet 

season takes from May to November with a rainfall intensity of ± 1200 mm/year. The rainfall 

intensity decreases in northward direction. At the northern edge of the catchment in Burkina 

Faso the duration of the wet season is four months (June-September) and the intensity is ± 600 

mm/year (Andah, 2003). During the wet season the southwestern Monsoon winds are 

transporting moist air from the Gulf of Guinea into the continent. During the rest of the year a 

dry-dust laden ‘Harmattan’ wind is blowing from northeastern direction. The region where the 

Monsoon and Harmattan winds meet is called the Inter Tropical Convergence Zone (ITCZ), 

which moves across the Volta basin during the year. There is vigorous frontal activity in this 

zone, causing heavy rain events and thunderstorms (Barry, 2005).  

 

3.1.4 Water resources management 

Ghana has a fast growing economy and population, which is leading to a rapidly increasing 

demand for water in industries, agriculture and for human needs (Andah, 2003). During the dry 

season (November – March) water resources are scarce, due to a rainfall deficit. This can be 

observed in Figure 3.3 (HKV, 2011a). In this period the potential evapotranspiration exceeds 

the rainfall. The creation of a reservoir could improve the water availability during the dry 

season. In the rain season floods occur frequently (HKV, 2012). The impact of the floods will 

increase in the future because of the growing economy and population. The creation of a 

reservoir could attenuate the high flood peaks by (partially) storing flood waves in the reservoir. 

In 1968 the Akosombo dam was constructed in southern Ghana, creating the Volta Lake, being 

one of the largest man-made lakes in the world (Figure 3.1). The primary purpose of this dam is 

hydropower generation, providing energy for the largest part of the country, the secondary 

purpose is irrigation. In 1994 another multipurpose dam has been built further upstream along 

the White Volta River in Burkina Faso. The 41m high Bagré dam is in operation since 1994 and 

also serves hydropower, irrigation and fishery industry. Apart from these two major dams, a 

considerable amount of small reservoirs are present in tributaries of the White Volta River in 

both northern Ghana and Burkina Faso. For the rural population in the Upper East Region of 

Ghana, the presence of a small reservoir is an important means of overcoming minor droughts 

(Van de Giesen, 2005).  

Navrongo, northern Ghana

0

50

100

150

200

250

300

350

Ja
nu

ar
y

Feb
ru

ar
y

M
ar

ch
Apr

il
M

ay
Ju

ne
Ju

ly

Aug
us

t

Sep
te

m
be

r

O
ct
ob

er

N
ov

em
be

r

D
ec

em
be

r

m
m

/m
o

n
th

Rainfall

Potential

evapotranspiration

 

Figure 3.3 Average monthly rainfall and potential evapotranspiration, Navrongo 
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3.2 White Volta River 

Along the White Volta River and its tributaries in Ghana there are 11 gauging stations. Most of 

the hydrological data is collected by the Hydrological Service Department (HSD). They 

operate and maintain the gauging stations. In most cases voluntary observers take 

measurements of the water levels by reading the staff gauges three times a day. At some 

gauging stations there is an automatic water level recorder present. The water levels are 

converted to discharges with rating curves, which are determined by the HSD (HKV, 2011b). 

The average yearly discharge of the White Volta River is highly variable (Figure 3.4) (COB, 

1993). Extremely wet years can be followed by extremely dry years. The reliability of the 

discharge data at Pwalugu is unknown.  

 

Figure 3.4 Average yearly discharge, Pwalugu 

(COB,1993) 

The discharge patterns for Pwalugu and Yarugu in the period 2003-2007 are presented 

respectively in Figure 3.5 and Figure 3.6. The discharge series are based on 6-hourly 

measurements. This particular series has been selected because it appeared to be the most 

reliable data set from a series of ± 50 years. Any data gaps or outliers have been filtered out 

(HKV, 2012). During the dry season the river becomes completely dry, due to high 

evapotranspiration rates and insufficient rainfall to generate runoff. In the wet season there are 

generally several flood peaks. The water level can rise and drop a few meters a day. The 

maximum discharges in Yarugu are comparable to Pwalugu, but the duration of the floods is 

shorter. 
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Discharge series Pwalugu
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Figure 3.5 Discharge series White Volta river, Pwalugu  

 

Discharge series Yarugu
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Figure 3.6 Discharge series White Volta river, Yarugu  

 

In Figure 3.7 the flow duration curves are presented. It can be observed that the yearly 

discharge is concentrated in a small period. For example, for Pwalugu only 18% of the total time 

the discharge exceeds 200 m3/s. However within this small period around 60% of the total 

yearly discharge is taking place. This has been calculated by integrating all discharges higher 

than 200 m3/s and dividing this by the total volume of water transported in the period 2003-

2007. It can be stated that 60% of the total yearly discharge is taking place in only 18% of the 

time. The bank full discharges at Pwalugu and Yarugu are respectively 1000 m3/s and 700 m3/s 

(HKV, 2012). This means that the banks of Pwalugu and Yarugu are flooded for respectively 2% 

and 3% of the total time. 
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Flow duration curve
 White Volta River (2003-2007)
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Figure 3.7 Flow duration curve White Volta River ,Pwalugu (2003-2007)  

 

The discharges are derived from water levels by using a rating curve. However that way the 

hysteresis effects are neglected. The effects of hysteresis can be analyzed using Jones curve:  
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with: 

qe = Chezy uniform flow (m2/s) 

c = flood wave celerity (m/s) 

ib = average slope of the riverbed 

dh/dt = change of water level in time (m/s) 

 

The flood waves in the White Volta River between Yarugu and Pwalugu have a peaked 

character. Water level variations of 3 meters in one day as indicated in Figure 3.8 are common.   
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Figure 3.8 Water level variation of 3 m in one day, White Volta River (Pwalugu) 
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The average slope of the riverbed (ib) between Pwalugu and Yarugu = 0.00027 (COB, 1993). 

The average celerity of the floodwave between Pwalugu and Yarugu is estimated on 0.85 m/s. 

This has been determined based on the distance between the Pwalugu and Yarugu gauging 

stations (145 km) and the time shift between the peak water levels at both stations (2 days) 

(HKV, 2012). With a dh/dt of 3m/day (=3.47�10-5 m/s), positive during the rising stage and 

negative during the falling stage, Jones formula reads: 

Rising stage: 1 0.15 1.07e eq q q= + =   

Falling stage: 1 0.15 0.92
e e

q q q= − =  

The discharge difference between the rising and falling stage is ± 15%. It can be concluded that 

the hysteresis effect in this region is significant. This can be explained by the modest slope of 

the riverbed, low flood celerities and high water level variations in time. However, compared to 

the accuracy of about 20% of the flow measurements on which the rating curves are based, the 

hysteresis effect is of minor importance. 

 

3.3 Catchment morphology 

The morphological behaviour of the catchment is determined by erosion and deposition of 

material within the catchment. Erosion occurs due to shear stresses of wind or runoff. Eroded 

material could be transported as suspended sediment through the river system. Dust deposition 

from outside the catchment occurs by aeolian transport. In this paragraph literature reviews on 

Harmattan dust deposition and on sediment transport are presented. 

 

3.3.1 Harmattan dust 

During the dry season Harmattan dust is deposited in the White Volta catchment. In the period 

November to March, storm activities in the Bilma and Faya Largeau area in the Chad basin raise 

large amounts of dust into the atmosphere, which is carried southwest by the predominant 

winds (e.g. Kalu, 1979; Mc Tainsh, 1980; Mc Tainsh, 1982; d’Almieda, 1986). The Saharan dust 

trajectories in West Africa are shown in Figure 3.9. 

Awadzi (2005) measured the dust deposition during the years 2000-2005. The measured dust 

deposition rate was 20 ton/km2/year in the north of Ghana, decreasing in southern direction to 

5 ton/m2/year in the south. Assuming a bulk density of 1300 kg/m3 this implies a deposition 

rate of 15 mm/1000 years in Northern Ghana. The mean particle diameters found were 13.4 µm 

in the north to 6.1 µm in the south. He (2007) measured the dust deposition using the same 

technique in 2001 and the results turned out to be very similar to the measurements carried out 

by Awadzi (2005). In both studies, the dust was collected on plastic mats with fiber grass, 

which should give a good representation of the predominant savannah vegetation in the 

catchment. Tiessen (1991) found dust deposition rates between 12 and 27 g/m2 in northern 

Ghana during the Harmattan seasons of 1987/88 and 1988/89. The dust was collected in 

funnels at heights between 1 and 5 m above the ground surface. 
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Figure 3.9 Saharan dust trajectories in West Africa (Kalu, 1979) 

 

Several authors investigated the mineral composition of Harmattan dust in order to determine 

the origin. Tiessen (1991) compared dust collected during a local storm with that from a 

Harmattan storm.  He found out that the composition and appearance of Harmattan dust is 

clearly different from local dust: the Harmattan dust contained mainly quartz and the local dust 

mainly feldspar. This conclusion is challenged by He (2007), who state that the composition of 

Harmattan dust is a mixture of Saharan and local dust. Feldspars, together with quartz were the 

main components found in Harmattan dust, but the relative contents varied in different zones in 

Ghana. This variation is consistent with changes in the relative content of the feldspars in the 

topsoil, indicating a substantial local contribution to the Harmattan dust. Lyngsie (2011) 

compared the composition of deposited dust during a Harmattan season and during a Monsoon 

season and found strong similarities in the elemental and mineral composition. He concludes 

that all dusts settled in Ghana are mainly of local origin. According to Lyngsie the influences of 

arid sediments are insignificant and the dust has been highly diluted on its path from Chad to 

Northern Ghana. Based on these researches it can be concluded that it is very difficult to 

distinguish Harmattan dust from local dust based on mineralogy. However it can be concluded 

that there is consensus that the Harmattan dust deposition rate is in the range of 12-27 

ton/km2/year. 

 

3.3.2 Sediment transport 

In Ghana, data on suspended sediment yield are limited due to the lack of logistic support for 

systematic sediment sampling activities (Akrasi, 2011). Nippon Koei (COB, 1993) found 

sediment concentrations in the range of 5 to 30 mg/L. The peaks are sharp indicating that the 

sediment transport process is dynamic (Figure 3.10). The average sampling interval of once 

every ten days is therefore probably too long. Peaks could have been missed. Nothing is known 

on the sampling and analysis methods used by Koei. It is important to mention that the Bagré 

dam and Akosombo dam, which could influence the sediment transport, were not built yet in 

1966. 
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Suspended sediment, Pwalugu

Nippon Koei, 1966 
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Figure 3.10 Suspended sediment measurements in 1966 (COB,1993) 

Akrasi (2005) collected suspended sediment samples at six gauging stations in the White Volta 

catchment, in order to estimate the total sediment input into Lake Volta. During the years of 

1994-1995, suspended sediment concentrations were measured using the surface-dip method 

(see chapter 2.1.1). To correct for the underestimation of surface dip samples, a correction 

factor of 1.25 is used. This factor was based on correction factors found in rivers in South Africa 

and Algeria. The water research institute (WRI) has provided the measurements from Pwalugu 

gauging station carried out by Akrasi freely to the author. In Figure 3.11 the suspended 

sediment concentration is plotted versus the discharge for 1994-1995. 
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Figure 3.11 Suspended sediment measurements in 1994 (Akrasi, WRI) 

 

The suspended sediment concentrations at Pwalugu are in the range of 100 – 800 mg/L and are 

characterized by sharp peaks. The concentrations are maximal at the start of the wet season 

and decrease over the year. This indicates sediment depletion over the season. It is important 

to realize that the frequency of discharge measurements is less than the timescale of one flood 

peak (Figure 3.5). For example, there is a 15-day gap between measurements in August 1994. 
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Discharge or sediment peaks could have been missed in this period. The total suspended 

sediment load during this hydrological year is 2 million ton/year.   

The sediment yield of a catchment (Y) can be calculated by dividing the suspended sediment 

load (S) over the catchment area (A). 

 

 

 

The catchment area upstream of Pwalugu is 57000 km2 (COB, 1993). In 1994-1995 the 

sediment yield would be 0.35 ton/ha/year. Adwubi (2009) assessed the sediment yields of four 

small reservoirs in the northern part of Ghana. The sediment inputs into the reservoir have been 

calculated by executing bathymetric surveys and comparing the storage volumes to the design 

storage volumes. An inverse relationship has been derived between the sediment yield (Y) and 

catchment area (A): log (Y) = 1.310 A-0.43  with r2=0.71 (Figure 3.12). Based on this relation the 

sediment yield of Pwalugu (A=57000 km2) would be ±1 t/ha/year. The uncertainty of this 

extrapolation is very high. 

 

Figure 3.12 Relationship between area-specific sediment yield (ASY) and catchment 

area for four small reservoirs (Adwubu, 2009). 

 

3.3.3 Lake Volta 

In this paragraph the morphological impact of the construction of the Akosombo dam in the 

Volta River in 1968, forming Lake Volta, is analysed. This is done in order to give an 

approximation of possible morphological changes due to the intended dam near Pwalugu. 

 

• Sedimentation in Lake Volta 

The Volta lake has a maximum storage volume of 148 km3. Not much is known about siltation 

rates of Lake Volta. Generally, it is assumed that siltation is not an issue, because of its large 

size (Akrasi, 2005). Whether delta deposition occurs and whether there are turbidity currents is 

unknown. Nothing could be found in literature on these subjects. Satellite image analysis on the 

upstream part of the Volta Lake did not give any insight into delta deposition.  

 

• Morphological effect downstream of Akosombo dam 

Ly (1980) investigated the role of the Akosombo dam in causing coastal erosion in Central and 

Eastern Ghana. It is stated that before construction of the dam, the Volta River was a major 

[ ]
[ ]

[ ]
/

/ /
S ton year
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agent of transportation of sediments to the shoreline. The general direction of long shore drift is 

eastwards. The sand fraction that reached the sea was carried to the east of the river mouth 

and deposited as beach ridges. The sand present in the dunes appeared to be of continental 

origin. After construction of the Akosombo dam sand supply to the sea reduced. Ly (1980) 

compared the retreat of the shoreline before and after construction of the dam in 1968 based on 

aerial photographs and maps from the period 1923 - 1976. The shoreline seemed to be 

characterized by a general recession before construction of the dam (±2.2 m/year). After 

construction of the dam, the shoreline retreat west of the river mouth remained the same, while 

the retreatof the eastern shoreline has increased from 4 m/year to 8 m/year. It has to be 

mentioned that these results are based on only few maps of limited quality and different scales. 

More extensive research of the present shoreline retreat is required in order to test the 

hypotheses of Ly (1980). On Landsat satellite images it can be observed that the sandbanks at 

the mouth of the Volta River are reducing in size (Figure 3.13, Figure 3.14, Figure 3.15). This 

observation confirms the hypothesis that sand supply from the Volta River is reduced. However 

shoreline reduction is not visible at the satellite images from the period 1972-2011. 

 

 

 

 

 

Figure 3.13 Volta mouth, 14 November 1984 Figure 3.14 Volta mouth, 14 January 1991 

 

 

 

Figure 3.15 Volta mouth, 9 November 1999 
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4 Case: Reservoir near Pwalugu 

4.1 Introduction 

The intended dam near Pwalugu would be the third multi-purpose dam in the White Volta River. 

In 1968 the Akosombo dam was built in southern-Ghana, creating the Volta Lake, one of the 

largest man-made lakes in the world (Figure 3.1). The dam was built with the main objective of 

hydropower-generation and nowadays the dam provides energy for most of the country. The 

Volta River Authority (VRA) is the energy generator and supplier. They are also responsible for 

the environmental impacts of Lake Volta on the towns and people bordering the lake. In 1994 

the Bagré dam has been built further upstream in Burkina Faso. This dam also serves 

hydropower and irrigation. 

 

In 1991 a pre-feasibility study has been carried out into the creation of a new reservoir in the 

White Volta River in the northern part of Ghana (COB, 1993). This study has been conducted by 

the French consultants Coyne et Bellier, commissioned by the Volta River Authority (VRA). The 

main two reasons for creation of another reservoir are: 

• Increasing total power and energy generation capability within Ghana. 

• Creating a source of generation close to the northern end of the national power 

distribution system, and thus relieving operational problems with energy transmission 

between the northern regions of Ghana to the main generation centres located in the 

south. 

 

Apart from the increase of energy generation potential, economical benefits will come from 

irrigation development in the White Volta valley and fishery development along the newly 

created lake. The main drawback for the creation of a reservoir is the environmental impact. 

People living in the valley will have to be rehabilitated and valuable forest reserves will be 

flooded. The creation of a lake will therefore enhance mitigation costs. Another drawback is the 

negative effect on energy generation capacity in Lake Volta. The capacity will decrease, as the 

average inflow into Lake Volta will be reduced due to water loss through evaporation at the 

surface of the new lake and through irrigation purposes. 

  

In the prefeasibility study three possible sites for a dam, Kulpawn, Pwalugu and Daboya (Figure 

4.1), have been compared on economical feasability. Social, ecological and morphological 

impacts have not been considered. The economical comparison is based on total construction 

costs (civil works, equipment and engineering), environmental costs (mitigation), and benefits 

from energy generation, fishery and irrigation. The best alternative turned out to be Pwalugu. 

For the Pwalugu alternative, the valley that will be converted into a lake is a scarcely populated 

forest reserve. Compared to the other two alternatives, 10 times less people will have to be 

rehabilitated. The economical consequences for the loss of forest reserve are not quantified in 

the prefeasibility study. Therefore it is not clear if a financial compensation is needed. 

Evaporation losses in the reservoir are less than the other alternatives, because the surface to 

volume ratio is lowest. 

 

In the near future, the Pwalugu alternative will be studied at feasibility stage. This will be 

commissioned by the World Bank, who are eager to invest in economical development of the 

relatively poor northern region in Ghana.  Apart from the aforementioned advantages, the dam 

could also contribute to flood control. Presently HKV is working out a flood early warning system 
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for the White Volta River, based on a hydraulic model of the White Volta River and a 

hydrological model of the White Volta catchment. These models could be used to estimate the 

flood control perspective.   

 

 

 

Figure 4.1 Corresponding reservoir when a dam would be built in Daboya, Kulpawn or 

Pwalugu (COB, 1993) 
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4.2 Dam and reservoir characteristics  

In this paragraph first the topographical characteristics of the reservoir are described, followed 

by characteristics of the dam itself. 

4.2.1 Reservoir characteristics 

The area where the reservoir will appear is relatively shallow. A small increase in dam height 

will therefore have a large impact on: 

-   the embankment volume of the dam 

-   the reservoir area and therefore the total mitigation costs 

-   the storage volume and therefore the energy generation potential 

In the prefeasibility study (COB, 1993) the optimal height of the dam has been determined 

based on a balance between construction and mitigation costs and revenues. The maximum and 

minimum operative level have been determined on 168 m +NLD and 154.4 m +NLD. In Figure 

4.2 and Figure 4.3 the total reservoir area at Maximum and Minimum Operative Levels are 

plotted on an Aster Digital Elevation Map with 30x30 m resolution. The reference plain of these 

maps is Mean Sea Level (MSL), while in this research the local Ghanaian reference plain (NLD) 

is used, which is 0.35 m higher. For the Aster elevation maps this does not make any 

difference, as the accuracy of the vertical elevation measurements is 1 m.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Pwalugu reservoir at max OL  

(168 m) 

Figure 4.3 Pwalugu reservoir at Min OL 

(154,4 m) 

 

The surrounding area of the Pwalugu reservoir consists of forest reserve. The area is relatively 

flat, except for the southern side, which is bordering a steep ridge (Figure 4.2). Water and 

sediment inputs into the reservoir are coming from the White Volta river, the Red Volta River 

and from lateral discharge of smaller streams. On average every 2 km a small stream is joining 

the White Volta River (HKV, 2012). The main ones are well visible in Figure 4.2 as tentacles. It 

is likely that delta deposition will occur at the mouths of these streams (Figure 4.4). 
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Figure 4.4 Delta deposition where streams enter the reservoir 

The relation between volume, surface area and water levels has been investigated in ArcGIS 

using the Aster DEM. The volume and areas at Max OL and Min OL were 10% off compared to 

the values given by COB (1993). As the accuracy of the ASTER DEM is unknown, these values 

are corrected with 10%. The resulting volume/elevation (V/h) curves and surface area/elevation 

(A/h) curves are presented in Figure 4.5 and Figure 4.6. The lake volume below the inlet level of 

the turbines derived from the ASTER maps appeared to be 150 � 106 m3.
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Figure 4.5 V/h relation reservoir 

Figure 4.6 A/h relation reservoir 
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The minimum and maximum reservoir extent have been derived from the DEM and presented in 

Figure 4.7. At minimum extent the reservoir length is 75 km. Further upstream the river is 

inside the summer bed. At max OL the reservoir length is 115 km. Therefore the reservoir will 

vary 40 km in length. It is expected that delta formation will occur between the green and red 

dot and in case of backwater curves further upstream of the red dot in Figure 4.7. The 

characteristics of the intended reservoir are presented in Table 4.1. 
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direction 

Flow 

direction 
 

Figure 4.7 Pwalugu dam site and reservoir extent at Min OL and Max OL 

Table 4.1 Pwalugu reservoir characteristics (COB, 1993) 

Maximal operative level 168 m +NLD 

Minimum operative level  154.4 m +NLD 

Maximal reservoir capacity 4200 �106  m3 

Live storage 3260 �106  m3 

Dead storage 940 �106  m3 

Maximal reservoir area 380 km2 

Catchment area 57000 km2 

Evaporation rate  1134 mm/year 

Annual inflow  3563 �106  m3/year 

Annual evaporation  430 �106  m3/year 

 

4.2.2 Dam dimensions 

The dam will be equipped with turbines and a spillway, schematised in Figure 4.8. Hydropower 

will be generated by sluicing water through the turbines. In order to prevent sediment from 

damaging the turbines, the inlets are located at a certain height above the riverbed. As a result, 

a portion of the storage capacity cannot be used for hydropower generation (dead storage). 

When the reservoir level is below Minimum Operative Level (Min OL), the gates to the turbines 

are closed. When the water level exceeds the Maximum Operative Level (Max OL), water is 

discharged through the spillway. The dimensions of the dam and equipment are presented in 

Table 4.2 

10 km 

N 
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Figure 4.8 Pwalugu reservoir and dam schematisation 

 

Table 4.2 Dam and turbine dimensions (COB, 1993) 

Top level dam 171 m +NLD 

Maximal operative level 168 m +NLD 

Minimum operative level  154.4 m +NLD 

Turbine gate level 145 m +NLD 

Bottom level dam 130 m +NLD 

Downstream water level 134 m +NLD 

Number of turbines 2 

Rated discharge (total) 170 m3/s 

Turbine capacity (total) 48 MW 

Average energy generation 184 GWh/year 

 

The formula for energy generation is described by: 

[ ]P gQH Wattρ η=   

in which: 

ρ = 1000 kg/m3 

g = 9.81 m/s2 

Q = discharge through turbine (m3/s) 

H = head above turbine (m) 

η = efficiency factor (-) 

 

The energy generation capacity depends on the available head in the reservoir and the 

discharge through the turbines. With high water levels more energy can be produced, but the 

risk that water levels exceed Max OL and spillways need to be opened is higher. In the 

prefeasibility report (COB, 1993) it is advised that spillage should be avoided in order to make 

energy generation most beneficial. In practice it will be hard to prevent spillage from the dam, 

as the inflow is highly unpredictable and variable, as can be seen from the yearly average 

discharge of the White Volta River at Pwalugu (Figure 3.4). 
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4.2.3 Trap efficiency Reservoir 

To predict which grain sizes will still be in suspension in the water leaving the reservoir, the 

formulas in chapter 2.2.3 are used. The input parameters for the Pwalugu reservoir follow from 

Table 4.1 and Table 4.2. 

 

 - ( ) 6 3

max min0.5 1630 10
average

V V V m= ⋅ − = ⋅  

 - 
3113 /

average
Q m s=   

- ( )max min0.5 31.2
OL OL

h h h m= ⋅ + =  

 

 

The residence time (T) appears to be 167 days and the critical particle diameter (D) appears to 

be 1 µm. This suggests that only fine clays (D<1 µm) will still be in suspension when leaving 

the reservoir, while all other sediments would have been trapped in the reservoir. This is purely 

based on a theoretical formula for laminar settling in a still liquid, while in reality coarser 

sediments could also remain in suspension due to turbulence caused by wind and currents. Still 

it is an indication that most of the sediment could theoretically be trapped. Another assumption 

made is the residence time of 167 days. In reality short-circuiting could occur, enabling coarser 

sediment to remain suspended and be discharged through the dam. When determining the trap 

efficiency of the Pwalugu reservoir from the empirical Brune and Brown curves (chapter 2.2.4), 

the trap efficiency would be in both cases > 90 % for fine sediments and 100 % for coarse 

sediments. For the estimation of sedimentation in the reservoir and erosion downstream of the 

dam in chapter 5 and chapter 6 it is assumed that 100 % of the inflowing sediment is trapped in 

the reservoir. This would provoke the most severe sedimentation and erosion rates. 
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5 Fieldstudy 

5.1 Introduction 

5.1.1 Objective 

In September 2011 a four week fieldwork period has been conducted in the Upper East region of 

Ghana. The main purpose of the field research was to quantify the sediment load of the White 

Volta River. At three different locations in the White Volta and Red Volta river suspended 

sediment transport measurements have been executed. As the measurements were done in 

September 2011, the suspended sediment transport had to be estimated for the rest of the 

year, to predict the total yearly sediment load. Previous measurements on suspended sediment 

transport within the catchment, as described in chapter 3.3.2 will be used to support the 

extrapolation. Another objective of the field study was to analyse the bed material at these 

three locations, which will be used as input into theoretical sediment transport formulas. These 

formulas are used in chapter 6 for modelling the delta deposition in the lake and the erosion 

downstream of the dam. Last, in order to make a well-founded prediction of the siltation rate, it 

is considered important to understand the morphological behaviour of the catchment. The 

sediment flows through different branches of the White Volta River, the origin of the sediment 

and the relation with Harmattan dust deposition have been analysed in this field research by 

comparing the texture and mineralogy of sediment depositions on the riverbanks with the 

composition of soils in the catchment and Harmattan dust. 

 

5.1.2 Measurement locations 

The main measurement location was the bridge over the White Volta near Pwalugu. This 

location is chosen, because of the following reasons: 

• this location is close to the desired location of the dam  

• there is an official gauging station with a stage-discharge curve 

• previous measurements on sediment load have also been taken from this bridge. 

 

Two more measurement locations were visited, Yarugu and Nangodi, located just upstream of 

the intended reservoir (Figure 5.1). Yarugu is situated along the White Volta river (± 150 km 

upstream of Pwalugu) at the upstream edge of the intended reservoir. The sediment transport 

at Yarugu can be considered as total sediment input into the lake through the White Volta 

branch. Nangodi is situated along the Red Volta River, which is a tributary of the White Volta 

River, joining the river ± 50 km upstream of Pwalugu. Sediment transport at Nangodi can be 

considered as sediment input into the lake through the Red Volta branch. 
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Figure 5.1 Northern Ghana, measurement locations: Pwalugu (1), Nangodi (2) and 

Yarugu (3)  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.2 Reservoir in case a 40 m high dam is built near Pwalugu (COB, 1993) 
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5.2 Method 

A complete elaboration of the method used in this fieldwork can be found in Appendix B.  In 

short, the following measurements have been executed: 

 

Bed load 

The bed load could not be measured with any accuracy. Therefore the bed load is estimated 

using theoretical formulas. Input into these formulas is the particle size distribution of the bed 

material. Bed material measurements have been executed with a bed material sampler. The 

particle size distribution has been determined by dry sieving analysis.  

 

Suspended load 

The suspended sediment concentration has been measured using a depth-integrating suspended 

sediment sampler. The suspended sediment load has been calculated by multiplying the 

concentration and the discharge.  

Apart from depth-integrating samples, surface dip samples have been taken, in which water 

samples of the water surface are collected with a bucket. This is a very straightforward and fast 

way of sampling. However it is known that these surface dip samples underestimate the mean 

sediment concentration in the vertical, as the concentration is highest at the river bed, and 

decreases in upward direction (see chapter 2.1.2). Previous suspended sediment measurements 

in the White Volta River used the surface dip method with a certain correction factor derived 

from literature (see chapter 2.1.1). Part of the field research was aimed to investigate whether 

this correction factor is realistic. 

 

Discharge 

For Pwalugu, the discharge can be derived from a rating curve. At the bridges of Nangodi and 

Yarugu there are no operational gauging stations, so the discharge had to be measured. Due to 

the lack of professional equipment, an improvised float has been used. Validation of this 

improvised float method has been done at the gauging station of Pwalugu, by comparing the 

float method with the rating curve. Another reason to measure the discharge in Pwalugu is to 

analyse the effects of hysteresis. It is estimated that these effects are rather high, as the water 

level can drop or rise several meters per day (chapter 3.2). 

 

Riverbank depositions 

After every flood peak sediment depositions have been observed on the riverbanks. The texture 

and mineralogy of these samples have been analysed in order to tell the origin of the samples. 

The texture has been determined using the hydrometer method for fine sediments (silt/clay) in 

combination with dry sieving for the coarse sediment (sand) according to BS 1377: part 2:1990.  

The mineralogy of the samples has been analysed by x-ray diffraction (BrukerD5005 

diffractometer) at the x-ray diffraction facility at Delft University of Technology (Faculty of 

Materials, Science and Engineering). 
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5.3 Results 

A complete elaboration of the results of all field measurements can be found in Appendix B. The 

most important results are listed below. 

5.3.1 Suspended sediment  

During the period of measurement in September 2011 there were two flood waves. There had 

been one flood wave before the measurements had started. The results of the depth-integrated 

suspended sediment measurements are presented in Figure 5.3. A hysteresis pattern is 

observed during the flood waves: during increasing discharges (rising stage), the corresponding 

suspended sediment concentrations are higher than for the same discharges during the falling 

stage. During the day of maximum discharge (2 September) no suspended sediment 

measurements were taken. However it has been observed that the river looked most turbid that 

day, thus it is presumable that the suspended sediment concentration was maximal on 

September 2. The suspended sediment loads measured at Yarugu (White Volta) and Nangodi 

were roughly 50 % and 15 % of the suspended load measured at Pwalugu. Based on 

observations, the suspended sediment samples consisted mainly of silt/clay (washload) and 

contained only a small sand fraction. The surface dip samples contained no sand grains at all. 

The average correction factor for surface dip measurements is 1.33. A sediment rating has been 

created from all available suspended sediment measurements: S = 7.86*(Q)^1.2078. When 

applying the rating curve to 6-hourly discharge series for the period 2003-2007 (see chapter 

3.2), the average yearly sediment load ≈ 1.1 M t/year. With a catchment area of 57000 km2 the 

sediment yield = 0.19 t/ha/year. 
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Figure 5.3 Sediment concentration and discharge in Aug/Sep 2011, Pwalugu  
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5.3.2 Bed load 

The bed material measurements in Pwalugu show that there is a gradation of particle sizes over 

the cross-section: smallest grains were found in the inner bend and biggest grains were found in 

the outer bend. Flow velocities were smallest in the inner bend and highest in the middle section 

or in the outer bend (Table 5.1). 

Table 5.1 Particle size distribution of the White Volta riverbed at Pwalugu bridge 

 Av. D16(mm) Av. D50 (mm) Av. D84(mm) Av. D90 (mm) 

Inner bend 0.27 0.42 0.65 0.75 

Middle section 0.40 0.70 1 1.2 

Outer bend 0.75 1.4 3 4.5 

  

The bed material load is estimated with three different theoretical formulas: Engelund Hansen 

(EH, total load), Meyer-Peter-Müller (MPM, bed load) and Van Rijn (VR, bed load and suspended 

load) (Figure 5.4). The predictions for bed load transport are almost equal for MPM and VR. 

There is a factor 5 difference between the total loads estimated by VR and EH. Van Rijn’s 

suspended load is ± 1/3 of van Rijn’s bed load, so this indicates that bed load transport is 

dominant. Based on criteria of applicability (Appendix A), the Engelund Hansen formula is valid 

for high flows (Q> 225 m3/s) and Meyer-Peter-Muller for low flows (Q<400 m3/s). The Shields 

number during this period of fieldwork are presented in Appendix B. The shields numbers are 

well above the critical Shields number. However during a large part of the dry season it is 

estimated that the critical Shields number will not be exceeded. The critical Shields number is 

included in MPM and VR, but not in EH. This means that EH will always result in some sediment 

transport, even at minimal discharges, while the sediment transport capacity estimated by VR 

and MPM could reduce to zero.  The particle size distribution of the middle flow section has been 

used as input. When applying the particle size distribution of the inner bend, the loads would be 

± 1.5 times higher. 

 

Figure 5.4 Bed material load (formulas) in Pwalugu, Aug/Sep 2011 
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5.3.3 Riverbank samples 

The sand/silt/clay fractions of the riverbank samples are presented in Table 3.11. The following 

classification rules are used: 

• Clay: D<0.002 mm 

• Silt: 0.002<D<0.065 mm 

• Sand: 0.065<D<2 mm 

• Gravel: D>2 mm 

Table 5.2 Particle size distribution of the riverbank samples 

 Sand (%) Silt (%) Clay (%) 

Pwalugu  

(after 1st flood wave) 

13 60 27 

Pwalugu  

(after 2nd flood wave) 

19 62 19 

Nangodi     

(after 1st flood wave) 

40 48 12 

Nangodi     

(after 2nd flood wave) 

80 14 6 

Yarugu                             

(after 2nd flood wave) 

70 24 6 

 
After the first flood wave of 2011 a thick layer of sediment (4 cm) has been observed on the 

riverbanks of Pwalugu. As the sediment covered the vegetation, it is concluded that the 

sediment has been deposited recently. Texture analysis shows that the sediment deposited 

during the first flood wave of 2011 consists predominantly of silt and clay. After the second 

flood wave has passed the clay fraction has decreased. Sediment depositions have also been 

observed along the banks of the Red Volta River (Nangodi), after the first flood wave. However 

the sediment has disappeared after the second wave. This is confirmed by the results of the 

texture analysis presented in Table 5.2. After the first wave the river bank material consisted 

predominantly of silt and sand. After the second flood wave there is only a small fraction of fine 

sediment left behind. Based on observations, at Yarugu the amount of fine sediment on the 

banks has also decreased after the second flood. 
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The mineralogy (x-ray diffraction patterns) of the riverbank samples are presented in Table 5.3.  

The minerals found in the samples are quartz, albite, microcline and kaolinite. Quartz is one of 

the most abundant minerals in earths crust. Albite and microcline are feldspar minerals, 

respectively sodium and potassium rich. These minerals are common in granite rocks, which are 

present in the study area. Kaolinite is a clay mineral formed due to weathering of feldspar 

minerals and most abundant in areas with a tropical (hot and moist) climate.  

The fractions of quartz, microcline and feldspar cannot explain the origin of the sediment, as all 

minerals are abundant in the whole study area. 

Kaolinite appears to be present only in the samples taken at Pwalugu. This is explained by the 

particle size distribution, which indicates a large clay fraction. Kaolinite has not been observed 

in Nangodi or Yarugu, but probably the clay is present in the river, but hasn’t been deposited on 

the banks. However, it could be the case that the kaolinite content is lower in the Red Volta 

River than in the White Volta River. Kaolinite is a white mineral, so this could explain why the 

color of the White Volta River is more white than the Red Volta River. 

 

Table 5.3 Mineralogy riverbank samples 

 P1 P2 P3 R1 R2 Y1 

 Pwalugu 

5/9 

(bank) 

Pwalugu 

22/9 

(bank) 

Pwalugu 

old site 

22/9 

Nangodi 

(4/9) 

(muddy) 

Nangodi 

23/9 

(fine 

sand) 

Yarugu 

23/9 

Quartz 

 

67 % 62 % 71 % 80 % 72 % 47 % 

Albite:  

 

16 % 21 % 11% 20 % 16 % 40 % 

Microcline:  

 

4 % 10 % 3 % 0 % 13 % 13 % 

Kaolinite:  13 % 7 % 14 % 0 % 0 % 0 % 

       

D16 (mm) <0.001 <0.001 <0.001 0.01 0.06 0.02 

D50 (mm) 0.017 0.03 0.02 0.05 0.15 0.1 

D84 (mm) 0.05 0.07 0.05 0.1 0.27 0.28 

       

Clay 30 % 21 % 23 % 13 % 7 % 10 % 

Silt 34 % 59 % 62 % 48 % 14 % 30 % 

Sand 12 % 20 % 15 % 39 % 79 % 60 % 
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5.4 Conclusions 

5.4.1 Sediment measurements  

• The suspended sediment concentrations measured in the White Volta River at Pwalugu 

in 2011 have the same order of magnitude as found by Nippon Koei in 1966 and Akrasi 

in 1994 at the same location. The concentrations are in the range of 100 mg/L to 800 

mg/l. 

• A flood wave through the White Volta River provokes a sharp sediment peak. This has 

also been observed in 1966 and in 1994. During the fieldwork hysteresis effects have 

been observed during the flood waves.  

• There is sediment depletion during the hydrological year. This effect is visible in all three 

researches: 

o Akrasi measured the highest sediment concentrations during the first flood peak 

of 1994, while the discharge was moderately high. 

o Nippon Koei also measured high concentrations during the first flood peak in 

1966, while discharge was only moderately high. 

o In the field research in 2011 no measurements have been done during the first 

flood wave. However it can be expected that the concentrations were maximal 

during the first flood wave, because much more sediment deposition has been 

observed on the banks, compared to the following peaks.  

• The depth-integrated suspended sediment concentrations were on average a factor 1.33 

higher than the concentrations measured by the surface dip method. The correction 

factor proposed by Akrasi (1.25) is of the same order of magnitude. It can be concluded 

that the sediment load based on Akrasi’s surface dip measurements is realistic. 

• The depth-integrated samples consist of both bed material load (sand) and washload 

(silt/clay), but the exact proportions are not known. The surface-dip samples consisted 

only of washload as no sand grains were observed in the samples. Theory shows that 

the washload concentration is minimal at the water surface and increases with the 

depth. Therefore the average washload concentration will be in between 75% (=1/1.33) 

and 100% of the suspended load. In order to avoid underestimation, all suspended 

sediment is considered to be washload. 

  

 

 

 

 

• Another indication of a high washload concentration are the sediment depositions on the 

riverbanks, which consist for ± 85 % of silt and clay, while the bed material consists of 

sand. 

• The suspended sediment concentration appeared to be quite constant over the cross-

section, even though flow velocities differ a factor 2 between the inner bend and outer 

bend. It looks like the higher flow velocities are counterbalanced by smaller grain sizes, 

in a way that the sediment transport is constant over the cross-section.   
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• A sediment discharge curve has been produced based on all available data: 
1.20780.091S Q= ⋅ in which S is the suspended sediment load (kg/s) and Q the discharge 

(m3/s). When applying the rating curve to 6-hourly discharge series for the period 2003-

2007 in Pwalugu (see chapter 3.2), the average yearly sediment load ≈ 1.1 �106  

ton/year. Total sediment load found by Akrasi was 2,0 �106   ton/year, but the 

discharges in 1994 were above-average. 

• With a porosity of 0.4 and a density of 2650 kg/m3, the annual average input of 

suspended sediment is 6.9 �105 m3/year, of which at least 75% is washload. It can not 

be predicted how this sediment will be distributed over the reservoir bottom, however it 

is likely that the sediment will deposit everywhere, forming a blanket of mud at the 

bottom of the lake. If the sediment would be deposited equally over the reservoir area, 

the sedimentation rate would be 3 mm/year. It is very well possible that density 

currents will develop, which may bring the mud closer to the dam. If the mud deposition 

comes close to the inlet level of the turbines, the turbines could be damaged. The 

storage volume below the inlet level of the turbines is 150 � 106 m3, so it would take ± 

200 years to fill this up with sediment. If all sediment would remain in the active 

storage (3260 106 m3), the annual storage loss would be 0.03 %/year.  

• The sediment discharge relationship is not very reliable, as the hysteresis effect has not 

been taken into account. With the available data it is not possible to make two separate 

rating curves for rising and falling stages. This because, for the researches carried out in 

1966 (COB, 1993) and 1994 (Akrasi, 2005), it was not known whether the 

measurements had been taken during the rising or falling stage, due to the low 

frequency of discharge measurements. Also sediment depletion has been observed so 

the sediment discharge relationship also depends on the number of floods that occurred 

before and the intensity of these floods. 

• Based on a sediment balance between Pwalugu (White Volta, downstream of the 

intended dam), Yarugu (White Volta, upstream of the reservoir) and Nangodi (Red 

Volta, upstream of the reservoir), it is expected that roughly 50% of the total sediment 

input will enter the reservoir through the White Volta branch, 15% through the Red 

Volta branch and 35 % would originate from lateral inflow. This is a large proportion of 

lateral inflow, given the relatively small drainage area between the measurement 

locations. 

 

5.4.2 Sediment formulas 

• EH gives a reasonable estimation of the total load when compared to the field 

measurements. In Figure 5.5 the EH formula, the depth-integrated (DI) suspended 

sediment measurements and the washload estimation (DI/1.33) are compared. When 

comparing the formulas, the following relation holds:  

Total bed material load = bed load + suspended load - washload 

It can be concluded that EH gives a reasonable estimate of the total load (excluding 

washload) and the formula can be used in the morphological model without a correction 

factor.  
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Figure 5.5 Sediment measurements compared to theoretical formulas 

 

• EH can be applied for Q> 225 m3/s. In the flood duration curves (Figure 3.7) it is 

observed that for Pwalugu and Yarugu this criterion is true for respectively 20 % and 10 

% of the total time. During ± 90 % of the time MPM would be the better predictor. From 

the flood duration curves it has been calculated that the high flows (Q>200 m3/s) 

account for up to 60 % of the total yearly discharge. As the high floods appear to be 

dominant, it is chosen to use EH in the morphological model.  

• The above-mentioned formulas are applied to the bed material observed in the middle 

section of the White Volta River at the bridge of Pwalugu. It is not known whether this 

bed material is representative for the whole river reach. Possibly the bed material is 

different below the bridge, due to the non-uniform flow caused by the bridge piers. The 

particle diameters were smaller in the inner bend. When using these smaller particle 

sizes for the whole cross-section, the full transport through the cross-section would be 

approximately 1.5 times higher. 

• Engelund-Hansen overestimates the total load during low flows. The reason is that the 

Shields critical shear stress for the start of movement is not implemented in the 

formula. That means that there will always be some sediment transport. For the Van 

Rijn and MPM formulas the sediment transport would stop at a certain moment when 

the Shields number is lower than the critical Shields number. It is estimated that the 

sediment transport capacity is overestimated in this research. 

 

5.4.3 Landscape erosion 

• The sediment yield of the White Volta is calculated on 0.192 t/ha/year, which equals an 

erosion rate of 13.5 mm/1000 years. As the Harmattan dust deposition is ± 15 

mm/1000 years, there seems to be an equilibrium between erosion and deposition. 

Harmattan dust deposition is assumed to be equally divided over the catchment area. 

Erosion has usually a more local character. Therefore the flat areas might be 

accumulating and slopes might be eroding, but on average there would be equilibrium. 
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• Sediment entrapment in the upstream Bagré reservoir in Burkina Faso should be taken 

into account. If all inflowing sediment would be trapped in the Bagré reservoir, the 

measured sediment load at Pwalugu should be divided over a smaller catchment area 

(22000 km2). In that case the sediment yield would be 0.46 t/ha/year and the erosion 

rate would be 32 mm/1000 years. The trap efficiency of the Bagré reservoir according 

to the empirical trap efficiency curves (Figure 2.8) is ± 90 %, but depends on the 

sediment management strategy. It is not known whether flushing or sluicing techniques 

are being applied.  

• According to the yield/area relation derived from small reservoirs in northern Ghana 

(Awadzi, 2005) the yield should be ± 1 t/ha/year, but this would be an extrapolation 

with a high uncertainty.  

• The texture of the sediment deposition on the banks of the White Volta is mainly silt. 

The average particle size of Harmattan dust is also characterized as silt. However this is 

not an evidence that the sediment has a Harmattan dust origin. 

• The minerals found in the sediment deposited on the banks are quartz, feldspars and 

kaolinite. These materials are common in the catchment’s soils and also in Harmattan 

dust. Therefore no definite conclusion can be drawn on the origin of the sediment. 

• Kaolinite appears to be present only in the samples taken at the most downstream 

gauging station (Pwalugu). In the geological map (chapter 3.1.2) it can be seen that the 

White Volta River, just upstream of Pwalugu, flows through areas consisting of 

mudstone. This could be the reason for the high kaolinite content in the bank 

depositions. Kaolinite is a white mineral, so this could also explain why the color of the 

White Volta River is more white than the Red Volta River. However, the fact that no clay 

has been found on the banks further upstream (Yarugu and Nangodi) does not mean 

that there is no clay present in the river. It could simply be the case that clay has not 

been deposited on the banks at these measurement locations.  

 

5.4.4 Elements of morphology of the White Volta catchment 

The conducted field research is not sufficient to thoroughly understand the morphology of the 

White Volta catchment. However, an attempt is made based on the above-mentioned 

conclusions and field observations: 

1) With the first severe rain events silt and clay accumulated in small streams (possibly 

Harmattan dust) is suspended and transported to the river.  

2) Sediment is deposited on the riverbanks as soon as the discharge reduces. This can be 

explained by the following theory:  

a. The flood peaks in the upper White Volta River are very sharp, which can be 

seen by water levels rising and dropping a few meters within 1 day. This 

indicates a strong hysteresis effect between the discharge and the water levels 

(see chapter 3.2): for increasing water levels (rising stage) the discharge is 

higher than for water levels during the falling stage. When the water level is 

maximum, the discharge is already reducing and sediment will start to settle.  

b. The flow velocities on the riverbanks that are flooded are becoming smallest, 

because these riverbanks are usually relatively shallow lands with vegetation 

(grass, small bush, crops) and are located in the inner bend of the river. The 

suspended sediment will therefore most easily settle in this region, because of 

the low flow velocities. During the rising stage the water is high-concentrated, 

so the water that entered the floodplains and riverbanks will be able to deposit a 

thick layer of sediment.  
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3) When the next flood arrives, the settled sediment on the riverbanks is resuspended, as 

the water levels rise and velocities increase. This might be part of the reason that the 

water during the rising stage is high-concentrated. Another reason might be that 

sediment bars have developed behind obstructions and rapids. Also river pools, for 

example formed by sand banks as observed in Yarugu, could be temporal storage for 

fines. Finally, it is possible that part of the sediment is trapped in pores of rocky bed, 

and released again when turbulence increases due to a flood wave.  

4) This resuspended sediment might be settled on the riverbanks again, further 

downstream, when the water level is dropping.  

5) After a couple of flood peaks, the sediment layer on the riverbanks could become less 

and eventually disappears. This has been observed in Nangodi and Yarugu. The easily 

erodible material in the catchment has already been gone after the first flood wave. 

Therefore, with the second and third flood, there was less new wash load input into the 

river.
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6 Modelling the river morphology 

The construction of a reservoir in the White Volta River will certainly have consequences for the 

river morphology upstream and downstream of the dam. In the reservoir there will be 

sedimentation and downstream of the dam the riverbed will have to deal with erosion. As the 

trap efficiency of the reservoir is almost 100% it is assumed that both bed material load (sand) 

and washload (silt and clay) will settle in the reservoir. The sedimentation of washload 

(siltation) has been described in chapter 5. In this chapter the sedimentation of bed material 

load (delta deposition) as well as the riverbed erosion downstream of the dam will be estimated 

using SOBEK RE (version 2.52.007), an open channel 1D hydrodynamic numerical modelling 

system, which is capable of solving the equations that describe unsteady water flow, sediment 

transport and vertical bed level changes. The morphological formulas used in SOBEK RE are 

only related to sediment transport of bed material (sand), so the siltation could not be 

estimated with this model.  

 

6.1 Model description  

Both delta deposition and riverbed erosion are related to the operational strategy of the dam:  

• The location of delta deposition depends on the water level in the reservoir. It is likely 

that the sediment will be deposited in the upstream part of the reservoir, where the flow 

velocities reduce drastically. However the upstream edge of the reservoir varies for ± 

40 km if the water level varies between min OL and Max OL. This has been shown in 

Figure 4.7. The location of delta deposition will therefore depend on the operational 

strategy of the dam. 

• The bed erosion depends on the release flow through the dam, because the sediment 

transport capacity is a function of the flow velocity (chapter 2.1). The release flow is the 

sum of the flows through the turbines and over the spillway. These fluxes are also 

determined by the operational strategy of the dam. 

 

In order to analyse the effects of reservoir operation on the water levels in the lake and the 

release flow, a water balance model has been developed. In this model the reservoir operation 

can be simulated for a wide range of scenarios. Output of the reservoir model are a) the release 

flow (turbines + spillway) and b) the water levels in the reservoir. The input into the reservoir 

water balance model is the 5-year discharge series of Pwalugu (2003-2007), located 30 km 

downstream of the intended dam (Figure 3.5). The discharge series of Pwalugu can be 

considered as total inflow into the reservoir. (HKV, 2012). 

The delta deposition in the reservoir has been modelled in SOBEK RE. The upstream part of the 

reservoir, where delta deposition is likely to take place (Figure 6.1), has been schematised. The 

water levels in the reservoir, resulting from the water balance model, are used as downstream 

boundary condition. The upstream boundary condition is a 5-year discharge series of Yarugu 

(chapter 3.2). The erosion of the riverbed downstream of the dam has also been modelled in 

SOBEK RE, separately from the upstream model. Here the downstream reach has been 

schematised, with the release flow as upstream boundary condition and the water level in the 

Lake Volta as downstream boundary condition. The model outline is presented graphically in 

Figure 6.1, Figure 6.2 and Figure 6.3. 
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Figure 6.1 Upstream and downstream SOBEK model boundaries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Topview  study area with model boundaries 

Figure 6.3 Model outline 
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Both models could have been joined together in one SOBEK model, if the dam would also have 

been modelled in SOBEK instead of using the water balance model. The reasons to chose two 

separate models are the following:  

• The water balance model gives directly a clear view on the effect of operational 

strategies on the water levels in the reservoir and the release flow. Analysis of 

operational scenarios in SOBEK would be possible but would cost calculation time.  

• The relation between storage volume (V) and water level (h) is incorporated in the 

water balance model using the V/h formula. This relation is exact. In SOBEK the right 

V/h relation can only be obtained by incorporating this in the reservoir geometry. This 

would be time-consuming and would never be more exact than the water balance.  

• Only the upstream part of the reservoir has to be schematised, as this is the part where 

delta deposition occurs. That way calculation time is reduced. If one is interested in the 

effect of a certain scenario on only the up- or downstream reach, this can be 

investigated separately. This also saves calculation time. 

• Evaporation rates can be included in the water balance model as a function of the lake 

surface. 

 

 

6.1.1 Water balance model 

For the reservoir a water balance has been set up: 

 

in uit

in flow turbines spillway evaporation leakage

dV
Q Q

dt

Q Q Q Q Q

= −

= − − − −

 

in which:  

 

dV/dt: Change of reservoir volume over time (m3/s) 

 

Qinflow: Time dependent inflow into the reservoir (m3/s) 

 

Qevaporation: Evaporation rate, which depends on the surface area of the lake (m3/s) 

Annual evaporation loss = evaporation rate * reservoir area 

Qspillway: The volume leaving the reservoir by the spillway (m3/s), 

only active when V>VMaxOL 

Qleakage: Water leaking through the earthen dam, through the gates, or infiltrating into 

the ground (groundwater recharge) (m3/s) 

Qturbines: The discharge through the turbines, only active when VMinOL < V < VMaxOL 

(m3/s) 

 

The outflow through the turbines (Qturbines) is the variable of the model. In this model it is 

possible to choose either a constant flow through the turbines or a head dependent flow. It is 

assumed that the reservoir water levels vary between Min OL and Max OL. At Min OL the 

turbines are closed and at Max OL the spillways are opened (Figure 4.8). After filing in the 

fluxes in the water balance model, the volume will be calculated at every time step. This volume 

is converted to water levels using the V/h relation of the reservoir (Figure 1.1), as derived in 

chapter 4.2.1. The choice for the evaporation and leakage rates as well as further details on the 

model and scripts can be found in Appendix D. 

Qevap Qinflow 

Qspillway 

Qturbines 

Qleakage 

dV/dt 

VMax OL  

VMin OL 
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6.1.2 Upstream SOBEK model 

The model represents the river reach and the floodplains between minimum and maximum 

reservoir extent, as this is the reach where bed aggradation will occur. In order to understand 

the sedimentation process, the river has been schematised with a constant cross-section and 

slope. A more detailed representation of the geometry would mainly have local effects on 

sedimentation. The slope used in this model is the average slope between minimum and 

maximum reservoir extent, derived from riverbed measurements (HKV, 2012). The riverbed 

profile used is the one measured at Yarugu, because the discharge series are also measured at 

this location. Lateral inflow along the reach is neglected due to a lack of data. The average slope 

of the floodplain is derived from a DEM. The discharge series is the 6-hourly discharge series of 

Yarugu (period 2003-2007). The series are repeated up to 50 years. The bed material 

composition of the reach is based on riverbed material measurements from the bridge of Yarugu 

as described in Chapter 0. This is the main source of uncertainty of the model, as the riverbed 

material might be changing along the river reach. The downstream boundary conditions are the 

water levels in the reservoir, derived from the water balance model. More information on the 

model can be found in Appendix D. 

 

6.1.3 Downstream SOBEK model 

Similar to the upstream SOBEK model, the objective is to understand the large-scale 

morphological processes and to make first order estimations of the morphological changes. 

Therefore the river reach downstream of the dam has been schematised with a constant slope, 

cross-section, roughness and bed material composition. In reality the flow velocities are not 

constant in longitudinal direction due to a varying geometry and due to lateral inflow. The bed 

material might also be varying along the river, which would also have a direct impact on the 

erosion rate. However only one bed material measurement is available (Pwalugu gauging 

station), therefore implementing a detailed representation of the geometry would only suggest a 

high accuracy. In this model the river profile at Pwalugu gauging station is used. The reason is 

that also the riverbed material and the discharge series are measured at this location. The 

upstream boundary condition is the release flow of the dam, which has been derived in the 

water balance model. The downstream boundary condition is the average water level in Lake 

Volta. However, in reality the total discharge along the reach is increasing due to lateral inflow. 

The main tributaries of the White Volta River between the dam site and Lake Volta are 

presented in Figure 6.4. Downstream of Pwalugu the first main disturbance will occur at the 

inflow of the Sissili/Kulpawn River. The backwater effect of this reach will be reduced to 5 % at 

a distance of 30 km in upstream direction (HKV, 2012). Therefore it can be concluded that the 

schematisation with the constant geometry and without lateral inflow is valid for ± 60 km 

downstream of the dam. Further details on the model can be found in Appendix E. 

 

 

 

 

 

 

 

Figure 6.4 The White Volta River and tributaries between Pwalugu dam and Lake 

Volta. 
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6.1.4 Scenarios 

As the location of delta deposition and the erosion of the riverbed downstream of the dam 

depend on the operation of the dam, different scenarios have been selected. These scenarios, 

as listed below, consist of both extreme and more realistic ones. The most extreme scenarios 

are chosen in order to know the geographical boundaries of the morphological impact. The more 

realistic scenarios should remain within the upper and lower boundaries defined by the extreme 

cases. The scenarios should give insight in the sensitivity of the system to different operational 

strategies. 

 

• Scenario 1 – Qin=Qout and h = hmax  

The water level in the reservoir remains at Max OL all the time and all incoming 

discharge is directly released through the dam. This scenario is used to investigate the 

upstream boundary of the location of sediment deposition. The other purpose of this 

scenario is to estimate the maximal effect of erosion. It is expected that this unchanged 

discharge regime with sediment-free water will cause most erosion. 

 

• Scenario 2 – Qin=Qout  and h = hmin 

The water level in the reservoir stays at Min OL all the time. This scenario is used to 

determine the downstream boundary of delta deposition. 

 

• Scenario 3 – Constant regulated flow (Q = 95 m3/s) 

The turbine flow is regulated by the reservoir manager to a constant value of 95 m3/s. 

This is equal to the yearly average inflow minus evaporation losses. This would be a 

realistic scenario. The reservoir water balance model will show whether this constant 

flow will be possible in reality given the maximum and minimum operative levels. The 

water levels in the reservoir will range between min OL (154.4 m) and max OL (168 m). 

 

• Scenario 4 – Q(H) = max 

The gates to the turbines will always be completely opened. The discharge is depending 

on the water level in the reservoir and will range in between 119 and 170 m3/s 

(Appendix C). The water levels range between max OL and min OL.   

 

• Scenario 5 – Constant regulated flow (Q = 79 m3/s)  

The outflow is chosen such that the reservoir levels will always stay above min OL. With 

this selected outflow, energy stops could be avoided for the given discharge series.   
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6.2 Results 

6.2.1 Water balance model  

The effect of operational strategies on the water levels in the reservoir and released flow 

through the dam has been analysed for scenario’s 3, 4 and 5. The results of scenario 1 and 2 

are straightforward (constant water level in the reservoir and inflow is equal to outflow) and will 

not be illustrated here. Also the yearly average energy generation has been calculated for 

several scenarios. 

 

Scenario 3 – Qturb = constant (95 m3/s) 

In Figure 6.5 the relation between inflow, released flow through the dam and the water level in 

the reservoir is presented. During the three consecutive dry years (2004, 2005 and 2006) the 

inflow is insufficient to fill up the reservoir completely. There are 2 spills in 2003 and 2007 (blue 

peaks). The first spill (2003) is caused because the reservoir level at the start of the season was 

too high. The second spill (2007) occurs even though the reservoir was empty at the start of the 

season. There are two periods of energy generation stops (2006 and 2007), as the water levels 

reached min OL.  

 Figure 6.5 Water balance model, scenario 3 

 

Scenario 4 – Q(H) = max 

The discharge trough the turbines is maximal at Max OL (Q=170 m3/s) and minimal at Min OL 

(Q=119 m3/s). The average water levels are lower compared to scenario 3. That way, the 

discharge peak of 2003 can be stored in the reservoir without spillage occurring. The discharge 

peak of 2007 cannot be captured in the reservoir without spilling, even though discharge 

through the turbines is maximal. During dry years, there are long periods where no hydropower 

can be produced (Figure 6.6).  
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Figure 6.6 Reservoir operation scenario 4 

Scenario 5 – Q=79 m3/s 

When Q is regulated at 79 m3/s the water level remains above Min OL, so there are no energy 

generation stops (Figure 6.7). The total volume spilled in 2003 is higher than in the other 

scenarios. The reason for this is that the water level is higher when the flood arrives and the 

turbine flow is lower.  

 

 

Figure 6.7 Reservoir operation scenario 5 

 

Energy production 

The average yearly energy generation has been calculated using the formula for energy 

generation (chapter 4.2.2). The water levels (h) and the turbine flow (Q) follow from the water 

balance model. The efficiency factor (η) is assumed on 0.9. 

For scenario 4 (maximum flow through the turbines) the yearly average energy production is 

108.5 GWh/year. If it is aimed to have a constant turbine flow instead, like in scenarios 3 and 5, 

the energy generation is presented in Figure 6.8 for desired constant flows between 60 m3/s 
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and 200 m3/s. Low, constant turbine flows will lead to higher average water levels in the 

reservoir, having a positive effect on energy generation. However in that case the spillway flows 

will be higher, which is a loss of energy. There appears to be an optimum turbine flow of 120 

m3/s (112 GWh/year). However in that case energy generation stops will occur. If generation 

stops have to be avoided and a constant discharge is desired, the results of scenario 5 show 

that the maximum turbine flow is 79 m3/s. The energy production will in that case be 110 

GWh/year.  
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Figure 6.8 Average yearly energy generation for a range of desired turbine flows  
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6.2.2 SOBEK model I (bed aggradation) 

In Figure 6.9 the bed aggradation is presented for scenario 1. The delta deposition is similar to 

theory (chapter 2.2.1). At the downstream end there is a sharp edge (foreset).  The foreset is 

propagating in downstream direction. After 50 years the foreset will be located ± 10 km 

downstream of the upper boundary of the reservoir. The delta formation will also propagate in 

upstream direction. This is visible in Figure 6.10 where the evolution of delta formation is 

shown. For this scenario, most sedimentation will occur in the riverbed upstream of the 

reservoir. After 50 years the delta deposition will have propagated across the border with 

Burkina Faso. 
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Figure 6.9 Delta deposition scenario 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Bed level increase scenario 1 
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The delta formation for scenario 3 is presented in Figure 6.11. Due to the varying water level, 

most of the delta deposition occurs inside the reservoir. Only a small part of the total 

sedimentation occurs in the upstream river reach.  

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Delta formation scenario 3 

The bed level increase after 50 years is compared per scenario in Figure 6.12. The total amount 

of deposited sediment is equal for all scenarios = Σ(∆h�∆x�width) = 2.33�106 m3 in 50 years. 

This is equal to 46600 m3/year. When the water level in the reservoir is constant (scenarios 1 

and 2), sedimentation is most concentrated: maximum bed level increase is 1.2 m after 50 

years. When water levels vary between Max OL and Min OL (scenarios 3,4 and 5), the 

sedimentation is spread out over a larger distance. The location of deposition appears to be 

strongly related to the reservoir level: the lower the average reservoir level, the further 

downstream the sand will be deposited. Sedimentation will remain in between the geographical 

boundaries defined by scenarios 1 and 2. After 50 years, the sedimentation could be spread 

over a distance of 90 km. Delta deposits could reach the Burkina Faso border after about 50 

years.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12 Delta deposition in the White Volta river after 50 years 
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The bed level increase for scenario 3 is presented in Figure 6.13. At Min OL the riverbed 

upstream of x = 65 km is not affected by the reservoir level. In the dry season there are 

periods where the river runs completely dry. In these periods the sand deposition can easily be 

investigated and eventually measures could be taken to remove the sediment using a shovel. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 Delta deposition after 50 years, scenario 3 

6.2.3 SOBEK model II (erosion) 

The bed erosion for scenario 3 is shown in Figure 6.14. It is very well visible that erosion is 

maximal just downstream of the dam and that the erosion propagates in downstream direction. 

The other scenarios show a similar linear pattern of the evolution of erosion. About 30 km 

downstream of the dam there is an important bridge (Pwalugu). The riverbed at this location 

starts to erode after ± 30 years. The piers of the bridge might be suspect to scouring and the 

bridge could be in danger.  
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Figure 6.14 Bed erosion scenario 3 
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The bed erosion after 50 years is plotted in Figure 6.15. The erosion is maximal for scenarios 1 

and 2 (inflow reservoir = outflow). These extreme scenarios have a peaked discharge pattern. 

These peaks are causing most erosion, which is logical as the formula for sediment transport is 

a power function of the velocity (s=m*u^n). For the more realistic scenarios (3,4 and 5) the 

erosion rates are similar. The erosion is maximal near the dam (± 20 m /50 years). 
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Figure 6.15 Bed level change after 50 years relative to the initial bed level  

In Figure 6.16, the bed erosion for scenario 5 is plotted versus the discharge released through 

the dam. It can be seen that the spillage peaks cause most erosion; per spillage peak the bed 

level drops ± 25 cm. The constant discharge through the turbines of 79 m3/s causes little 

erosion compared to the spillage peaks.   
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Figure 6.16 Bed erosion over time at 3 km downstream of the dam, scenario 5 

The total impact of the spillage peaks generated in scenario 5 is shown in Figure 6.17. The 

results of scenario 5 are compared to a reference case without any spillage peaks. In this 

reference case the total outflow through the dam is equal to scenario 5, but averaged out over 

the entire period, giving a constant discharge of 95 m3/s (for the given discharge this would 

only be possible if the Min OL would be lower). It appears that the spills account for 2.3 m/50 

year extra erosion compared to the reference case without any spillage peaks. 
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Bed erosion (x=3 km)
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Figure 6.17 Influence of spillage peaks on bed erosion 

In Figure 6.18 scenario 5 and the reference case without spillages after 50 years is plotted. It 

can be seen that avoiding spillage peaks would reduce the erosion rate near the dam by about 

10 m. 
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Figure 6.18 Bed erosion after 50 years 

For scenario 5, the effect on erosion has been analysed when the discharge through the 

turbines is diverted 5 km downstream of the dam via a side channel. This is sometimes done in 

order to reduce erosion downstream of the dam. The spillages are still entering the river 

directly. The results (Figure 6.19) show that the bed level in the initial 5 km is ± 2 m higher. 

After 5 km the bed level is ± 30 cm lower than in the reference case. This effect holds on for 30 

km.  
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Scenario 5 after 50 years
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Figure 6.19 Bed erosion with turbine flow diversion channel at x = 5 km. 

 

Another option to reduce the erosion locally could be to divert the spillway flow instead of the 

turbine flow. In Figure 6.20 the effect on the riverbed level is shown. The turbine flow enters 

the river just downstream of the dam and causes only 3 m erosion after 50 years. The spillway 

enters the river 5 km downstream of the dam and provokes an erosion of 10 m in 50 years. The 

erosion rate futher downstream will be higher, but the total riverbed erosion is exactly the same 

for both cases. 
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Figure 6.20 Bed erosion with spillway diversion channel at x=5km 
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6.3 Conclusions 

6.3.1 Water balance 

• When the discharge through the turbines is maximal (scenario 4), periods of energy 

generation stops are unavoidable. The risk on spillage is least, because the reservoir 

levels are drawn down as much as possible during the dry season. The drawback is that 

during consecutive dry years, the reservoir will not be completely filled, which leads to a 

reduction of hydro-power generation. 

• Spillages are unavoidable, even when the reservoir level is drawn down to Min OL and 

discharge trough the turbines is maximal (scenario 4). The reason is that the large 

volume of water cannot be stored completely in the reservoir and the overcapacity 

cannot be discharged on time through the turbines. 

• When the discharge through the turbines is set at the yearly average inflow minus 

evaporation (Q = 95 m3/s), there will be energy generation stops during dry years.  

• With a lower desired turbine flow of 79 m3/s (scenario 5) there are no energy 

generation stops at all. The drawback is that spillages are higher, because of higher 

water levels when flood peaks arrive. The energy produced for this scenario is 110 

GWh/year. 

• Most energy can be produced (112 GWh) for a desired turbine flow of 120 m3/s. 

However there will be periods where no energy can be generated. In this research the 

operational scenarios are restriced to constant flows through the turbines. When 

applying more advanced operating rules the generation could be higher. The average 

yearly energy generation is only 65 % of the design generation (184 GWh/year) 

calculated in the prefeasability study (COB, 1993). The operational strategy used in 

their calculations is not known.  

6.3.2 Upstream reach (sedimentation) 

• Total sedimentation of bed material load in the White Volta reach is 53 � 106 kg/year. 

With a porosity of 0.4 and a density of 2650 kg/m3, the deposited volume would be 

33000 m3/year.  

• The delta deposition is propagating in both up-and downstream direction. After ± 50 

years, sedimentation could have reached the Burkina Faso border. The length of the 

reach where sedimentation occurs is maximally 90 km after 50 years. 

• The maximum bed level increase after 50 years is 1.3 m, which will occur when the 

reservoir level would remain constant. However this is not a realistic scenario. 

• For the more realistic scenarios, when water levels vary between Min OL and Max OL, 

the sedimentation will be more spread out. The maximum bed level increase after 50 

years is in that case ± 0.8 m. Most sediment will be deposited inside the reservoir. Only 

a small portion will be deposited in the upstream river reach. 

• In all cases there will be higher water levels in the upstream river reach during floods, 

due to bed level increase. This means an increased risk of flooding of the upstream 

floodplains, possibly harming communities.  

 

6.3.3 Downstream reach (erosion) 

• Erosion downstream of the dam is most severe for scenarios 1 and 2, where the outflow 

is not regulated. For more realistic scenarios (3,4 and 5) the results are comparable. 

Erosion just downstream of the dam is ± 20-30 m after 50 years. 5, 10 and 20 km 

downstream the erosion is respectively 4, 2 and 1 m /50 years. 
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• Erosion is most affected by spillage peaks. Avoiding spillage peaks could reduce 

sedimentation near the dam by 75 % compared to a case with 2 spillage peaks/5 

year. In that case the Min OL has to be selected lower, because with the present 

settings spillage peaks are unavoidable. 

• The water levels in the downstream reach will be more constant due to discharge 

regulation. High water levels will occur less frequently. 

• At Pwalugu bridge the riverbed will start to erode after ± 30 years.  

• The erosion can be reduced locally by diverting the turbine flow or the spillway flow 

via a side-channel to a location some distance downstream of the dam. However the 

total volume of eroded bed material will be exactly the same. 
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7 Discussion 

The aim of this research was to get insight into the large-scale morphological processes and to 

give first order estimations of the river morphological changes. The use of the 1D model with 

schematized river reaches helped to understand these processes very well and enabled to draw 

conclusions on the estimated effects on the functions of the reservoir. 

In reality the morphological processes are more dimensional and the geometry of the river and 

floodplains is not constant. However using a higher dimensional model or introducing a more 

detailed representation of the geometry would only have a local effect and would not change the 

first order estimations of sedimentation and erosion rates.  

The total sedimentation and its effect on the storage capacity of the reservoir would not change 

if the geometry would vary, because all bed material load will settle in the reservoir anyway.  

The local riverbed erosion is much determined by the composition of the riverbed. In this study 

the bed material is assumed to be uniform over the depth, while in reality there could be rocks 

or coarse material underneath the alluvial layer. This would limit the erosion process locally, but 

the consequence would be that the erosion further downstream would be more severe, as the 

river will restore the sediment carrying capacity. However the total erosion in the river reach 

would be the same.  

More important than introducing more geometrical details in the model would be to have more 

information on the composition of the riverbed or the sediment load, because these are the 

most important factors determining the quantification of the morphological impact.  

 

There are several uncertainties in both the model and the field measurements. Therefore the 

results can only be considered as first order estimations. The real values could very well be 

multiple times higher or smaller. The most important uncertainties are the following:  

- The particle size distribution of the riverbed defines the sediment transport 

capacity of the river. As the measurements have been taken at a few locations 

and in a small period, the uncertainty is high. The bed material composition 

could be finer grained at the start of the season, leading to higher bed material 

loads, or could be variable along the river reach. More extensive measurements, 

both temporally and spatially, are required. Probably it would be better not to 

use the bed material below a bridge, because this could be influenced by a non-

uniform flow pattern because of the presence of the piers.  

- The suspended sediment measurements, defining the siltation rate of the 

reservoir, could be underestimated due to errors during sampling and analysis 

and the restricted number of measurements. However, the measurements were 

consistent and comparable with the results of other studies, so this suggests 

reliability.   

- The chosen transport formula (Engelund-Hansen) overestimates the sediment 

load during low flows. Most of the time the flows are low, especially downstream 

of the dam, where the high peaks are attenuated. Most of the time the Shields 

numbers are in the low range, which indicates that MPM would be more 

appropriate to use than EH. In that case the sediment transport capacity could 

very well be 3 times lower and assuming linearity, the morphological changes 

would be reduced by a factor 3. 

- The results of the models are based on a discharge series of the period 2003-

2007. This is a realistic discharge series compared to the historical records. 

However, a longer time series could give a more realistic estimation.  
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- The trap efficiency of the reservoir is based on theoretical formulas assuming 

complete mixing. In reality short-circuiting could occur, leading to smaller 

residence times and thus lower trap effiencies. This would reduce sedimentation 

in the reservoir and bed erosion downstream of the dam. 

 

The separation of the river system into an upstream and downstream SOBEK model provided 

quick and accurate results. The water balance model gave a good and quick insight into the 

impact of the operational scenarios on the water levels and the outflow through the dam. 

Simulating the whole system into one SOBEK model would be a more time-consuming process 

and not more accurate. Moreover, the water balance model has a high potential for future 

research on the optimal operational scenario and flood control. 
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8 Conclusion 

In this chapter the conclusions of the fieldwork and morphological model results are 

summarized. Successively, the conclusions on reservoir sedimentation, riverbed erosion and the 

catchment sediment balance are dealt with. Finally, there will be an overall appreciation of the 

main research question: What are the effects on river morphology with the creation of a 

reservoir near Pwalugu? 

 

Sedimentation in the reservoir 

The transported sediment through the White Volta River consists of washload and bed material 

load. Washload is fine sediment (clay, silt) and causes siltation of the reservoir. Bed material 

load consists of fine-grained sand and causes delta deposition. The amount of suspended 

sediment flowing into the reservoir is ± 6.9 � 105 m3/year. The fine material (silt/clay) is 

dominant in the suspended load (more than 75 %). With a trap efficiency of nearly 100 % it can 

be assumed that all fine sediment would be retained in the reservoir. As it is not known whether 

density currents will develop or non-stratified settling will be the main mechanism, it is not 

possible to estimate the location where sediment will be deposited. If all fine sediment would be 

spread evenly throughout the reservoir, the average siltation rate would be ± 3 mm/year. If 

density currents bring the sediment all the way to the dam and would be deposited as a wedge, 

it would take ± 200 years to fill up the reservoir up to the inlet level of the turbines.  

The largest proportion of the washload will flow into the reservoir through the White Volta 

branch (± 50%) and roughly 15 % through the Red Volta branch. The rest (35%) is flowing into 

the reservoir by lateral inflow of small rivers. For the suspended sediment concentrations there 

seems to be a hysteresis effect during the flood waves. Moreover sediment concentrations 

appear to decrease throughout the year due to decreasing sediment availability in the river 

system. Asselman (1999) and Picouet (2001) observed the same mechanism. It can be stated 

that the highest sediment concentrations will usually occur during the rising stage of the first 

severe flood wave of the year. 

Delta deposition will occur at the location where the White Volta River flows into the reservoir. 

The bed material load of the White Volta River upstream of the reservoir consists of fine-grained 

sand and is estimated on 3.3 � 104 m3/year. All sand will be deposited. The exact location 

depends on the water level variation in the reservoir. If the water level in the reservoir is 

constant over the year, the deposition is most concentrated. The higher the variation of water 

levels, the more spread out will be the sediment deposition. If the water levels vary between 

maximum operative level (Max OL) and minimum operative level (Min OL) the reservoir pool will 

vary in length over 40 km and most of the delta deposition will occur in this region. The 

maximum bed level increase will be in the order of 1-2 m in 50 years. The delta depositions are 

propagating in both upstream and downstream directions. Due to upstream propagation the 

riverbed level upstream of the reservoir will also increase. After 50 years, the effect is restricted 

to ± 30 cm just upstream of the lake and has damped out at the border of Burkina Faso. As the 

bed levels increase, backwaters could provoke higher water levels in the river. The consequence 

is that a larger area will be flooded during periods of high flows, possibly harming communities 

near the river. However the area is not densely populated and occasional floods happen every 

few years, therefore the impact of increased water levels is assumed to be low. More research is 

needed into the upstream changes of the water levels to investigate the impact of these floods.  

If all inflowing sediment (washload + bed material load) would be deposited in the active 

storage of the reservoir, this would mean an annual storage loss of 0.03 %/year. A reducing 

storage capacity has a negative effect on the energy generation potential, as less water can be 
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stored in the reservoir. However the storage loss of 3%/100 years is negligible. Moreover, if the 

lake level will be reduced to the minimum operative level at the start of the season, the total 

storage capacity will only be used during wet years. During dry years when the reservoir is not 

filling up completely, the storage loss due to sedimentation is irrelevant.  Due to the 

uncertainties in the model and in the data the sediment input could very well be five times 

higher, but even then the storage capacity will only be reduced by 15% in 100 years. This is still 

not a serious problem. Sediment management strategies could eventually reduce the negative 

effects and increase the lifetime of the reservoir. 

 

Riverbed erosion downstream of the dam 

The water released through the dam is assumed to be sediment-free, as the theoretical trap 

efficiency is nearly 100 %. In order to restore the sediment carrying capacity the riverbed 

downstream of the dam will experience erosion. The erosion is most affected by spillage peaks, 

which is logical as the sediment transport capacity is a power function of the flow velocity. If 

there would be one or two spillage peaks per 5 years, which is a likely scenario, the erosion rate 

just downstream of the dam would be ± 20-30 meters / 50 years. This huge erosion rates will 

be very locally; at 5, 10 and 20 km downstream, the erosion rates would respectively be 4, 2 

and 1 meters / 50 years. Possibly the erosion process is limited by coarse layers underneath the 

alluvial layer. In that case the erosion rate further downstream will be higher. 

If no spillage peaks would occur, the erosion rate close to the dam would be reduced by 75 %. 

However, the reservoir water balance has showed that during a wet year (T ≈ 10 years), with 

the proposed active storage volume, spillage would be unavoidable. Reducing the risk on 

spillage by drawing down the water levels in the reservoir at the start of the season will have a 

negative effect on energy generation. There is a risk that the reservoir will not be filled 

completely during dry years. As a consequence, energy generation will be lower and eventually 

generation stops could occur. It is unknown whether energy generation stops are permissible. 

Possibly thermal energy could replace the hydropower energy during these periods. If the aim 

of the reservoir operation would be to provide a constant discharge without any energy 

generation stops, the maximum possible flow through the turbines would be 79 m3/s, which is 

lower than the average inflow into the reservoir. The energy generation stops will occur most 

often, if the operational strategy would be to apply a maximum flow through the turbines. In 

that case the advantage would be that the spillage volumes would be lower, because the water 

level would be drawn down maximally every year. However it appeared that even in that case 

occasional spills are unavoidable. 

The riverbed at the location of the bridge near Pwalugu will start to erode after ± 30 years after 

construction of the dam, which could endanger the foundations of the bridge. If the erosion 

process close to the dam would be stopped due to coarse layers or rocks, the river will continue 

to take up sediment and the erosion rate further downstream will be higher. In that case, the 

bridge will be in danger even sooner. Another possible consequence of erosion is bank collapse. 

The water levels in the river will be lower due to the changed discharge regime. Seasonal peaks 

are averaged out over the year. High water levels will occur only occasionally when spillage 

occurs and will be of shorter duration. These average low water levels could draw down 

groundwater levels affecting wetlands and agricultural areas along the White Volta River. 

However this effect seems to be only local; after 50 years the reach 30 km downstream of the 

dam will be affected. The erosion just downstream of the dam could be reduced if the flow 

through the turbines would be entering the river by a side channel some distance further 

downstream. However the total amount of eroded material would be exactly the same. 
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Catchment sediment balance 

The sediment balance of the White Volta catchment is based on sediment input through 

Harmattan dust and sediment output by the washload transported by the White Volta River. 

When dividing the washload by the total upstream catchment area, the erosion rate would be 

13,5 mm/1000 years. This is a low erosion rate, which could be explained by the topography of 

the White Volta catchment: the surface is relatively flat and well vegetated, so the erosion 

potential is not high. From literature it has been derived that the Harmattan dust deposition rate 

in northern Ghana is ± 15 mm/1000 years. This would imply that there would be no net erosion 

at all; sediment deposition and erosion would be in equilibrium. Harmattan dust deposition is 

more or less equally divided over the catchment area, while erosion usually has a more local 

character. Therefore the flat areas might be accumulating and slopes might be eroding, but on 

average there would be equilibrium. Eroded material originating from the upstream part of the 

White Volta catchment could possibly have been trapped in the Bagré reservoir. In that case the 

erosion rate would be a factor 2.5 higher (32 mm/1000 years).  

The texture of the sediment deposits on the riverbanks of the White and Red Volta River mainly 

consists of silt. The mineralogy consists of quartz, feldspar and kaolinite. These minerals are 

abundantly present in the catchment’s soils and also in Harmattan dust.  

Kaolinite appears to be present only in the samples taken at the most downstream gauging 

station (Pwalugu). Just upstream of Pwalugu the White Volta River is flowing through soils 

consisting of mudstone. This could be the reason for the high kaolinite content in the bank 

depositions. Kaolinite is a white mineral, so this could also explain why the color of the White 

Volta River is more white than the Red Volta River. However, the fact that no clay has been 

found on the banks further upstream (Yarugu and Nangodi) does not mean that there is no clay 

present in the river. It could simply be the case that clay has not been deposited on the banks 

at these measurement locations. Therefore it is not possible to draw any definite conclusions on 

the origin of the sediment deposited on the riverbanks. 

 

General 

With the construction of a dam near Pwalugu, there will be morphological effects in the reservoir 

and downstream of the dam. In the intended reservoir sedimentation will occur, but the effect 

on the functions of the reservoir is negligible. Delta deposition will mainly occur within the 

reservoir and partly in the upstream riverbed. As it will be spread out over a large distance the 

riverbed increase will be limited. The effect on the water levels in the river should be further 

investigated. There will be significant erosion of the riverbed close to the dam. In the future the 

riverbed erosion could damage Pwalugu bridge. Other negative consequences such as bank 

collapse and the draw down of groundwater levels could occur locally. 
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9 Recommendations 

Sediment Management Strategy 

Based on the results of this report a sediment management strategy should be set up which 

should help limiting erosion, siltation and delta formation. A few recommendations are 

proposed. Further research is needed to investigate the feasibility of the strategy.  

• In order to limit bed erosion downstream of the dam, spillage should be avoided. 

The best way to achieve this is drawing down the water level in the reservoir to 

minimum Operative Level (min OL) at the start of the rain season. That way the full 

reservoir storage capacity can be used to store the flood peak. However with the 

present min OL frequent spillages are unavoidable. Therefore it would be advised to 

investigate the feasability of the dam for a lower min OL. 

• Delta depositions could be removed by dredging. If water levels are drawn down to 

min OL, a large part of the riverbed where sand has been deposited will become 

dry. Sand could be removed with a bulldozer. In case the sand could not be used for 

construction purposes, it could for example be loaded on a boat and released over 

the dam, creating a natural sand motor restoring the eroded bed downstream.  

• In order to limit siltation in the reservoir, sluicing could be applied. The highest 

suspended sediment concentrations come in front of the first flood peak of the year. 

It could be an option to sluice these high-density currents directly through the dam. 

Water levels would have to be drawn down below min OL. The drawback would be 

that the reservoir would probably not be filled up again. 

In summary, for sediment management purposes it would be advised to make sure that the 

water level in the reservoir is at min OL (and ideally even lower) before the start of the rain 

season. This would also be most beneficial for flood control. The drawback is that hydropower 

generation is most efficient with high water levels. A long-term economical analysis should 

balance the costs and benefits of the sediment management strategy. An intermediate solution 

could be to apply the strategy less frequently, for example once every five years. 

 

Cooperation with Bagré dam (Burkina Faso) 

To further optimise the operational strategy of the dam, more research has to be done into the 

influence of the working of the Bagré dam on the White Volta River discharge. If the operational 

strategy of the Bagré dam would be taken into account, discharge peaks could be estimated 

more accurately. Optimally, the Ghanaian and Burkina Faso energy companies could cooperate 

by tuning their operational strategies. The objective should be a maximum total energy 

generation of the total hydropower scheme, also including the Akosombo dam in southern 

Ghana. There is also more research needed in the trap efficiency of the Bagré dam. Based on 

theoretical formulas the trap efficiency is 90 %, but it is unknown whether sediment 

management strategies are applied. 

 

Data improvement 

The accuracy of the model strongly depends on parameters that have to be measured in the 

field. It is advised to set up a monitoring network for bed material measurements and 

suspended sediment measurements:  

• Monitoring the suspended sediment concentrations give better insight into the 

variation over the year. Separate rating curves for rising and falling stages can be 

developed, as the effects of hysteresis seem to be significant. As the sediment 

concentration peaks have a small timescale, the sampling frequency must be 
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sufficiently high, ideally every day. During the dry season once every 2 weeks to 4 

weeks should be sufficient. It is advised to use the surface dip technique. This is a 

very straightforward way of sampling, which could for example be executed by local 

gauge readers. Once in a while the correction factor should be optimised by 

executing depth-integrated samples. For example a professional organisation like 

the WRI could execute these measurements.  

• For monitoring of bed material the sampling frequency should be based on the 

timescale of a flood peak. This would result in a frequency of once every week 

during the wet season and once every month during the dry season. Samples 

should better not be taken from a bridge, as the bridge could influence the local 

morphology. It is advised to use a boat or canoe and to take several samples per 

cross-section as the bed material appeared to vary over the cross-section. 

• The bed load could also be measured by taking successive bed level measurements 

along a river reach. The changing bed forms indicate the bed load transport. 

 

Model refinement 

In continuation to the preliminary morphological research, the schematic model could be 

refined. The morphological processes could be investigated at a smaller scale, by making the 

geometry of the model more realistic. More cross-sections of the river and floodplains could be 

used, as well as lateral inflow by side streams. The cross-sections are already available by HKV. 

Instead of the 1D SOBEK model, a 2D or 3D model could be used taking into account the higher 

dimensional morphological processes. However, before adapting the model it is advised to 

collect more data on bed material composition, because that is the most important parameter in 

the model. 

 

Model potential 

This research aimed to estimate the morphological effects (i.e. erosion and sedimentation) of a 

reservoir. However, the developed models showed a wide range of other research possibilities: 

1) The flood control potential could be analysed with the water balance model. 

The model already showed that most of the floods could be captured inside 

the reservoir, as long as the water levels are drawn down to min OL before 

the flood arrives. More extensive analysis could be carried out for different 

operational scenarios. The effects on flooding further downstream could be 

investigated making use of the hydraulic model of the White Volta River, 

developed by HKV. The release flow through the dam (water balance model) 

can be used as upstream boundary condition in the hydraulic model.   

2) The energy generation capacity of the dam has been calculated for constant 

turbine flows in the reservoir model. The model can also be adapted to 

varying turbine flows (e.g. depending on the reservoir level). The optimal 

operational strategy yielding the highest total energy generation could be 

investigated. 

3) The water levels of the upstream river reach could be analysed with the 

SOBEK model. Due to bed aggradation the water levels will increase. It is 

expected that backwaters will be propagating across the border with Burkina 

Faso. The future water levels could be compared with the present situation. 
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Appendix A: Sediment transport formulas 

A.1 General parameters: 
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A.2 Meyer-Peter and Müller formula  

Meyer-Peter-Müller (MPM, 1948) relates to bed load exlusively. The formula is mainly of an 

experimental nature, with an absence of suspended load. The maximum value of µθ in their 

tests was 0.2, while the grain diameter D was larger than 0.4 mm. As indication the formula 

mainly applies in situations where ws/u* >1 (De Vriend, 2004). 
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A.3 Engelund-Hansen formula 

Engelund-Hansen (EH, 1967) refers to the total bed material load (suspended load + bed load). 

The formula is semi-empirical; the measuring range of θ and D used for verification of the 

formula is respectively 0.07 <θ<6 and 0.19 mm<D50<0.93 mm. These boundary conditions can 

limit the area of application of the formula. The formula proves especially applicable for the total 

load of relatively fine material, in which the suspended load plays a vital role: ws/u*<1 (De 

Vriend, 2004). 
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A.4 Van Rijn 

Van Rijn (Van Rijn, 1993) derived separate formulas for bed load and suspended bed material 

load; total load = bed load + suspended load. 

The formula is based on material in the following range: 200 µm < D < 700 µm 
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In which: 

 

 

ss = volumetric current-related suspended load transport (m2/s) 

u = depth-averaged velocity (m/s) = Q/A 

h = water depth (m) 

a = reference level (m), a = ½ ∆ or a =ks 

ks = overall roughness height (m) 

∆ = bed form height (m) 

D50 = median particle diameter of bed material (m) 

D16, D84, D90 = characteristics diameter of bed material (m) 

ws = fall velocity of suspended sediment (based on ds-value) 

Ds = representative particle size of suspended sediment (m) 

c0 = maximum concentration (=0.65) 

S = specific density (ρs /ρ) 

ρs = sediment density (2650 kg/m3) 

ρ = fluid density (= 1000 kg/m3) 

ν = kinematic viscosity coefficient (= 1 ·106 m2/s ) 

κ = constant von Karman (=0.4) 

g = acceleration of gravity (= 9.81 m/s2) 
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Appendix B: Fieldwork  

B.1 Research questions 

The main objective of the field study (September–October 2011) was to make an estimation of 

the total yearly sediment load and the composition of the sediment and riverbed material. 

Another objective was to get insight into the morphological behaviour of the catchment area. In 

order to answer these questions, during the field study the following sub questions have been 

investigated:  

 

Suspended sediment 

- What is the quantity of sediment transported during the flood period in 2011? 

o What is the variation of the sediment concentration over the cross-section? 

o What is the relation between discharge and suspended sediment transport?  

o What is the proportion of wash load and bed material load in the suspended 

sediment? 

o What is the relation between depth-integrated measurements and surface-dip 

measurements? 

 

Bed load 

- What is the quantity of bed load transport during the flood period in 2011? 

o What is the variation of bed load over the cross-section? 

o Which theoretical formula is most suitable for predicting bed load? 

 

Red Volta and White Volta branches 

- What is the proportion of sediment transport in each river branch?  

o How do the sediment concentrations in the White and Red Volta branch 

compare? 

o How do the discharges in the White and Red Volta branch compare? 

 

Erosion 

- Is there a relation between Harmattan dust deposition and erosion of the catchment 

area? 

o Could sediment deposited on the floodplain be characterized as Harmattan dust? 

o What is the origin of sediment deposited on the banks? 

 

Morphology 

- Could the morphological behaviour of the catchment be explained based on the results 

and the observations and available literature of earlier studies? 
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B.2 Method 

B.2.1 Measurement locations 
Pwalugu 

The measurement location of Pwalugu is a bridge over the White Volta River near the village of 

Pwalugu. During the period of fieldwork the main channel width is 80-100 m, the water depth is 

2-7 m and the average flow velocity is 0.6-1.3 m/s. The weather in Pwalugu was predominantly 

dry with an occasional thunderstorm in the evening. The land use surrounding the measurement 

site is mainly cropland and open savannah woodland. The area is flat and the soil geology 

consists of biotite tonalite (HAP, 2009). 

 

 

 

 

 

 

 

 

Figure B.1 White Volta River, Pwalugu 

 

 

 

 

 

 

 

 

Figure B.2 Steep rightern bank, smooth left 

The river bends slightly to the left at the location of the bridge, leading to an eroded steep right 

bank and a shallow inner left bank. Flow velocities are lowest on the left side (Figure B.1 and 

Figure B.2). There is a gauging station present with a staff gauge and an automatic water level 

recorder on the bridge (Figure B.3, Figure B.4 and Figure B.5). 

 
  

Figure B.3 Pwalugu bridge Figure B.4 Automatic 

water level recorder 

Figure B.5 Staff gauge 
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A gauge reader records the water levels twice a day. This person lives in the village of Pwalugu 

and is commissioned by the VRA. The automatic water level recorder is not working. There is a 

stage-discharge relation available (HKV, 2011b), as shown in Figure B.36. During the flood year 

of 2011, three peaks occurred (Figure B.6). Upon arrival in early September the first flood wave 

of 2011 had just passed. While the water levels were dropping, sediment was deposited on the 

left riverbank, where flow velocities are low (Figure B.7 and Figure B.8). Within the period of 

measurements there were two more flood waves. After every peak sediment depositions were 

observed, but not as much as after the first peak. A canoe survey, conducted a few kilometres 

downstream of the bridge, shows that these sediment depositions occur frequently along the 

river reach. Most of the times the flooded land is situated in the inner bend of the river. 
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Figure B.6 Water levels Pwalugu August/September 2011 

 

 

Figure B.7 Sediment deposition on left 

riverbank 

 

Figure B.8 Four cm of deposited sediment 
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Nangodi  

The measurement location is the bridge over the Red Volta River on the road Bolgatanga–

Zebilla (Figure B.9). The main channel width is 25-30 m, the water depth 1-3 m. The water is 

fast flowing and turbulent with flow velocities of 1-1,5 m/s. A rating curve is available, but the 

gauging station has been washed away. 

 

 

 

 

 

 

 

 

Figure B.9 Red Volta (Nangodi) 

 

 

 

 

 

 

 

Figure B.10 Sediment deposition on the 

riverbank 

 

The riverbed mainly consists of granite rocks. Along the river there are moderate hill slopes with 

small rocky streams draining into the river. These streams had fallen dry during the visits. 

There is no cropland along the banks, as is the case near Pwalugu, but dense vegetation 

instead. In the surrounding area there is rain forest.  

 

After the first flood peak, sediment depositions on the riverbanks have been observed (Figure 

B.10). After the second flood peak, all sediment had disappeared and there appeared to be no 

deposition of new sediment. 
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Yarugu 

The measurements are carried out from the bridge on the road between Zebilla and Bawku. 

Here, the main channel of the river is very wide (± 150 m) and shallow (0-2m) with low flow 

velocities (± 0.5 m/s). A sand bank is present in the middle of the river, dividing the river into 

two channels. This is probably caused by the changing of the main channel towards the right 

bank, due to large-scale morphological behaviour (Figure B.11 and Figure B.12). The 

surroundings are relatively flat savannah woodland and there are crops cultivated along the 

riverbanks. 
 

 

 

 

 

 

 

 

Figure B.11 White Volta (Yarugu) 

 

 

 

 

 

 

 

Figure B.12 Bridge over White Volta 

(Yarugu) 

 
After the first flood, sediment deposition has been observed on the riverbanks but not as much 

as in Pwalugu (Figure B.13 and Figure B.14). After the 2nd flood the sediment had disappeared 

and there had not been any new deposition. 

 

 

Figure B.13 Mud depositions at Yarugu 

 

 

Figure B.14 Few centimetres of fine 

sediment on top of a sand layer 
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B.2.2 Frequency of measurements 

Different types of measurements were executed: 

- Depth-integrated measurements (objective: suspended sediment transport) 

- Surface-dip measurements (objective: investigation of correction factor for surface-dip) 

- Bed material measurements (objective: bed load transport) 

- Riverbank material measurements (objective: origin of deposited sediment) 

- Discharge measurements (objective: calculation sediment load) 

 

The period of measurements is 29-8 till 23-9. Pwalugu has been visited most frequently (15 

times). Nangodi and Yarugu have been visited once every week (4 times in total). The number 

of measurements taken during the fieldwork is presented in Table B.1. 

 

Table B.1 Measurements taken during fieldwork 2011 

Date  Location Depth-

integrated 

suspended 

sediment 

Surface 

dip 

suspended 

sediment 

Bed 

material 

sample 

Riverbank 

sample 

Flow velocity 

measurements 

29-8 Pwalugu  1  1  

31-8 Pwalugu 3     

1-9 Pwalugu 3  1   

3-9 Pwalugu 5     

4-9 Nangodi, 

Yarugu 

4 

3 

  1 

1 

1 

2 

5-9 Pwalugu 3 1 1 1 3 

6-9 Pwalugu 2  2   

9-9 Pwalugu 8   3 3 

10-9 Nangodi, 

Yarugu 

6 

5 

  

1 

 2 

3 

17-9 Pwalugu 7 3   3 

18-9 

morning 

Pwalugu 7    3 

18-9 

evening 

Pwalugu 4 1   3 

19-9 Pwalugu, 

Nangodi, 

Yarugu 

7 

4 

4 

   3 

2 

3 

20-9 Pwalugu 7 2   3 

21-9 Pwalugu 6 2    

22-9 Pwalugu 6  3 3 3 

23-9 Nangodi, 

Yarugu, 

Pwalugu 

2 

2 

  

2 

2 

2 

3 

2 

2 
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B.2.3 Discharge measurements 

The discharge is calculated by the velocity-area method (Luxemburg, 2007). This method 

multiplies the river cross-section with the flow velocity. For this reason, cross-sectional 

measurements and stream flow measurements have been conducted. The velocity 

measurements have been taken at three spots along the cross-section. The discharge is 

calculated with the following formula:  

 

 

 

 

 

 

 

 

in which every velocity measurement (ui) should be representative for the corresponding section 

(Ai). The number of sections depends on the local situation (page 90 and 91). 

 

B.2.3.1 Cross-sectional measurements 

For all measurement locations, the following procedure has been followed: 

• First of all, the bridges have been discretized; One-meter marks were written with a 

waterproof marker on the railing of the bridge. 

• The bottom depth relative to the bridge has been determined by lowering the 

suspended sediment sampler (10 kg) down to the bottom. On the suspension line a 

scale had been drawn, so the depth could be read easily (Figure B.15). 

• The suspended sediment sampling equipment (10 kg) was lowered to the water level. 

First, the distance between the water level and the railing of the bridge was measured. 

Second, the sampler was lowered to the bottom of the river and the distance between 

the riverbed and the railing of the bridge was measured. The water depth was 

calculated by subtraction of these measurements.  

• The measurements were preferably carried out at low flow conditions, because in fast 

flowing water the sampling device would be carried forward by the stream velocity, 

making depth estimation more difficult.  
• In case the line was not suspended vertically due to high flows, the following correction 

formula has been used:  
 

( )( )cos arctan /x c b a= ⋅   
  

in which: 

 x = depth to bottom (m) 

  a = depth to water level (measured) (m) 

b = horizontal distance where rope enters water (estimated) (m) 

 c = length rope to bottom (m) 

 

• The distance between the railing of the bridge and the water level has been measured 

at both ends of the bridge, in order to estimate the slope of the bridge. It is assumed 

that the water level is constant in the cross-section, because of the low flow velocities. 

For all bridges it appeared that the bridge is horizontal.  

1

n

i ii
Q u A

=
= ⋅∑

ui 

Ai 
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Figure B.15 Measurement of cross-section using the suspended sediment sampling 

device. 

The cross-sections measured at Pwalugu, Nangodi and Yarugu are presented in Figure B.16, 

Figure B.17 and Figure B.18. 
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Figure B.16 Cross-section Pwalugu (White Volta) looking downstream 
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Figure B.17 Cross-section Nangodi (Red Volta) looking downstream 
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White Volta - Yarugu
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Figure B.18 Cross-section Yarugu (White Volta) looking downstream 

 

B.2.3.2 Velocity measurements 

The flow velocity has been measured using an improvised float method (Figure B.19). The float 

consisted of one empty bottle and a bottle filled with concrete tied together at 0.6 * the water 

depth. At this location underneath the water level, theoretically the average flow velocity 

occurs. The empty bottle is attached to a 75 m thin line. The velocity can be calculated by 

calculating the time it takes to unroll the entire line.  

 

 

Figure B.19 Improvised float 
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Pwalugu 

The bridge is built on pillars, which obviously affect the flow pattern as there is much turbulent 

movement around them. Therefore, the velocity measurements have been taken exactly in 

between of the pillars, where the pillars least affect the flow. The sections are not equally sized, 

but it is estimated that the flow at each measurement site represents the corresponding flow 

section. For Pwalugu, the three measurement sites are indicated in Figure B.20. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.20 Measurement locations Pwalugu 

Nangodi 

The bridge of Nangodi is built on one pillar, dividing the river into two sections. As the river is 

relatively narrow, only these two sections have been considered (Figure B.21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.21 Measurement locations Nangodi (green arrows)
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Yarugu 

The bridge is built on 6 pillars, which do influence the flow pattern but not as much as in 

Pwalugu or Nangodi because the flow velocity is much lower. In the middle section the riverbed 

is elevated. At low water levels a sand bank appears in the middle section, which divides the 

river into two flow channels (Figure B.22). The velocity measurements were taken in the centre 

of these channels. Unfortunately these points are located close to a pillar, but the flow doesn’t 

seem to be influenced much at these points. The situation of two separate channels lasts until 

50 m downstream of the bridge. At that point the sandbank has disappeared and the channels 

have merged together. This indicates that the flow velocity is not uniform along the longitudinal 

distance of measurement (75 m). Therefore the discharge measurements could be inaccurate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure B.22 Measurement locations Yarugu (green arrows) 
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B.2.4 Suspended sediment measurements 

 
B.2.4.1 Sampling 

For suspended sediment measurements, a depth-integrated (DI) sampling device has been 

used. By lowering this sampler from the water surface to the riverbed and back up again, a 

water sample of the entire depth could be taken, giving a depth integrated suspended sediment 

concentration in the vertical. The sampling equipment was a US DH 59 depth-integrating 

sampler containing a pint sized sampling bottle (0,48L) and an intake nozzle (Figure B.23). The 

time it takes to fill up the bottle depends on the water flow and was determined experimentally. 

Generally, the time it took to fill up the bottle was ± 1 minute. 

 

Figure B.23 D-I suspended sediment 

sampler 

 

Figure B.24 Suspended from the bridge 

 
The sampling device was suspended from the bridge at a steady rate until it reached the 

bottom. Then it was instantly reversed and slowly pulled back to the water surface within the 

required time (Figure B.24). To keep track of time, a voice-recording of the author counting was 

played. The samples were stored in 500 mL plastic water bottles. The measurement locations 

were the same spots as where velocity measurements were taken (Figure B.20, Figure B.21 and 

Figure B.22), so for Pwalugu and Yarugu there were three spots and for Nangodi there were 

two. Several measurements at every spot were taken in order to get a higher accuracy. 

 

B.2.4.2 Analysis 

The samples were analysed in the WRI-lab in Accra, using the evaporation method. This method 

is not a standard method and will therefore be described in detail. 

• In each sample, one drip of a 50 % nitric acid solution has been added as a coagulant to 

enhance flocculation and sedimentation. 

• The samples were stored for 5 days to wait for the sediment to settle.  Application of 

Stokes formula on a settling height of 0.3 m shows that after 5 days all particles with 

D<0.8 µm had been settled. A portion of smaller particles would settle within 5 days: for 

many particles the starting height was lower than 30 cm, moreover the sedimentation 

rate increased due to the coagulant. 

• After 5 days the sediment had been settled at the bottom of the water bottle (Figure 

B.25). 
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• The supernatant water was decanted in a beaker (Figure B.26). The sediment remained 

at the bottom of the bottle (Figure B.27). 

• The remaining sediment was resuspended by adding some water and shaking the bottle 

(Figure B.28). Subsequently, this was poured into a 50 mL beaker (Figure B.29). The 

bottle was rinsed with some of the decanted water. 

• The beaker was emptied in a Pyrex disc (Figure B.30) of which the tare weight had been 

measured. Funnel and beaker were rinsed with the decanted water, which had been 

taken with a pipette. The amount of water was chosen in a way that the total volume of 

liquid in the disc became 50 mL. 

• The total volume of decanted water from the beaker is recorded. This was the total 

volume of water used, together with the 50 mL in the Pyrex disc. This value has been 

used to calculate the concentration of material that would still be in suspension (D < 0.8 

µm). 

• The Pyrex discs were dried in the oven for 3 hours at 105-110 °C (Figure B.31). The 

water evaporated and sediment remained at the bottom of the discs (Figure B.32). 

• The beakers were weighed again and the total amount of sediment was calculated by 

subtracting the tare weight of the discs. The volume has been calculated by dividing the 

dry sediment by the total volume of the sample. 

 

The sediment concentration of the supernatant water has also been analysed following the same 

procedure. This concentration appeared to be negligible, indicating that almost all sediment had 

indeed been settled. 
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Figure B.25 After 5 days the 

sediment has settled to the 

bottom of the water bottle. 

 

Figure B.26 The supernatant 

water is decanted into a 

beaker. 

 

Figure B.27 The sediment 

remained at the bottom of the 

bottle. 

 

Figure B.28 The sediment is 

resuspended by shaking the 

bottle. 

 

Figure B.29 The suspension 

is poured into a 50mL 

beaker. 

 

Figure B.30 The small beaker is 

emptied in a pyrex disc. 

 

Figure B.31 The pyrex discs are 

dried in the oven for 3 hours at 

110ºC 

 

Figure B.32 The beakers containing dry sediment. 
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B.2.5 Bed material measurements 

B.2.5.1 Sampling 

Bed material measurements were carried out using an Ekman Birge Bottom sampler (Figure 

B.33 and Figure B.34).  With a suspension line, the sampler was lowered to the riverbed where 

it grabbed 1-2 L of bottom material (sand). The samples could only be taken during low flow 

conditions, otherwise the device could not be suspended vertically. 

 

Figure B.33 Bottom sampler 

 

Figure B.34 Bottom material 

 
B.2.5.2 Analysis 

Texture-analysis of the sand samples took place in the WRI-laboratory in Accra. The particle 

size distribution was determined using the dry sieving method described in the British standard 

procedures (BS 1377: part 2:1990).  

• Due to a renovation of the WRI laboratory, the samples could not be dried in the oven. 

Instead, they were dried for 2 days in open air (Figure B.35). Wind was very weak, so 

mixing of samples due to wind is considered negligible. Overnight the samples were 

stored inside the building.  

 

 

Figure B.35 Air-drying of the riverbed and riverbank samples 

 
• The sand samples were sieved through standard sieves (Table B.2 and Figure B.36). 
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Table B.2 Dry sieving method 

 Mesh 

size 

(mm) 

Material 

retained on 

sieve 

1 5 Gravel 

2 2,5 very coarse 

sand 

3 1,25 coarse sand 

4 0,63 coarse sand 

5 0,5 medium sand 

6 0,315 medium sand 

7 0,25 fine sand 

8 0,16 very fine sand 

9 0,071 coarse silt 

10 0,05 coarse silt 

11 Bottom medium silt, 

fine silt and 

clay 

Figure B.36 Result after sieving 

 

• For every sample the D84  was estimated and the amount of material to be sieved was 

selected such that normal accuracy would be reached, based on Figure B.37 (Jansen, 

1979). For the White Volta River the D84 appeared to be in the range of 0.5-3 mm. For 

the coarsest samples, the sample size should be higher than 300 g. This was the case 

for all samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.37 Accuracy of dry sieving method (Jansen, 1979) 
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B.2.6 Riverbank samples 

 
B.2.6.1 Sampling 

After every flood peak soil samples have been collected from the riverbank. Using a spade the 

thickness of the sediment layer has been examined and the top few centimetres have been 

collected (Figure B.38).  

 

Figure B.38 Collection of deposited sediment on the riverbank 

B.2.6.2 Analysis 

The samples were air-dried in Accra and transported to the Netherlands, where they were 

analysed on texture and mineralogy in the laboratories of soil mechanics and mechanical 

engineering at Delft University of Technology. 

 

Texture 

The riverbank samples consisted of clay, silt and sand. The particle size distribution in the clay 

and silt range (D<0.65 mm) has been analysed with the hydrometer method. Particles in the 

sand range (D>0.65 mm) were separately analysed by dry sieving. The analysis is conducted 

following a standard procedure described in British standard procedures (BS 1377: part 

2:1990). 

The method is summarized as follows: 

- The dried riverbank samples have been dissolved in a dispersing solution in order 

to detach grains sticking to each other. 

- The solution has been filtered through a 0.65 mm sieve where all sand particles 

have been retained. The sand fraction was dried in the oven and afterwards 

analysed by dry sieving.  

- The suspension containing clay and silt particles has been transferred into a 

cylinder and was filled up to 1000 mL using distilled water. The density of the 

liquid has been monitored with a hydrometer. The sediment settled to the bottom 

and the density of the liquid decreased. The particle size distribution has been 

calculated using Stokes law. 

Organic material has not been removed from the samples, as the amount is considered 

negligible. It is expected that the riverbank samples did not contain much organic material, 

because the material had only been deposited recently, so there has been not much time to 

accumulate organic material. 
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Mineralogy 

With the x-ray diffraction method, riverbank samples have been analysed on mineralogy. 

Subsequently a semi-quantitative determination has been done in order to tell the quantity of 

minerals in each sample. The methods are further explained in Appendix H. 

 

B.3 Results 

B.3.1 Discharge  

Pwalugu 

The discharges measured with the method described in § B.2.3.2 in Pwalugu are presented in 

Table B.3. 

Table B.3 Discharges measured in Pwalugu 

Date 
Section 

Velocity 

(m/s) 

Area per 

section 

(m2) 

Discharge 

per section 

(m3/s) 

Total 

discharge 

(m3/s) 

Total 

area 

(m2) 

Average 

velocity 

(m/s) 

5/9/2011 1  0,34 87 29,6 

 2 0,87 143 124,4 

 3 0,51 165 84,1 

238,8 365 0,65 

7/9/2011 1 0,36 69 24,8 

 2 0,68 113 76,8 

 3 1,07 130 139,1 

240,7 312 0,77 

9/9/2011 1 0,34 61 20,7 

 2 0,65 99 64,4 

 3 0,7 115 80,5 

165.6 275 0,60 

17/9/2011 1 0,48 66 31,7 

 2 0,80 108 86,4 

 3 0,79 124 98,0 

216,1 298 0,73 

18/9/2011 

morning 

1 0,38 86 32,7 

 2 1,06 141 149,5 

 3 1,03 163 167,9 

350,1 390 0,90 

18/9/2011 

evening 

1 0,47 114 53,6 

 2 1,23 181 222,6 

 3 1,15 216 248,4 

524,6 511 1,06 

19/9/2011  1 0,36 135 48,6 

 2 1,07 201 215,1 

 3 1,07 241 257,9 

521,6 577 0,90 

20/9/2011 1 0,36 134 48,2 

 2 1,06 200 212,0 

 3 1,04 232 241,3 

501,5 566 0,89 

22/9/2011 1 0,51 69 35,2 

 2 0,75 113 84,78 

 3 0,81 130 105,3 

225,2 312 0,72 
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The measured discharges for Pwalugu can be compared to discharge measurements carried out 

by Bayor (HKV, 2011b) (Figure B.39). From the measurements of Bayor it can be seen that 

hysteresis effects are significant at Pwalugu. The Q-h relation (red line) is based on 

measurements during rising stages. It is well visible that discharges are ± 100 m3/s lower 

during falling stages with the same water level. The measurements carried out during the 2011 

fieldwork, fit the curve well. Even the hysteresis effect is visible, as measurements during the 

rising stage lie on the red line, and measurements during the falling stage are in the left side of 

the cloud, except for one. The improvised float method appears to give accurate results. The 

measured values are used for calculation of the sediment load. 

Pwalugu

0

1

2

3

4

5

6

7

8

9

10

0 200 400 600 800 1000 1200

Discharge [m3/s]

W
a
te

r 
le

v
e
l 

[m
+

re
f]

Measurement Jude Bayor

Rating curve

Measurement Joost rising

stage

Measurement Joost falling

stage

 

Figure B.39 Stage-discharge measurements carried out by Jude Bayor supplemented with those 

carried out by the author 

The distribution of velocity at the three sections is presented in Figure B.40. As expected, the 

lowest flow velocities occur in the leftern section and the highest flow velocities occur either in 

the middle section or in the rightern section. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.40 Velocity distribution over cross-section in Pwalugu 

Right bank Left bank 

Flow direction 
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Nangodi (Red Volta) 

The discharges measured in Nangodi are presented in Table B.4. The discharge measured at 

September 4th is least accurate, as it is based on only one measurement. 

Table B.4 Discharges measured in Nangodi 

Date Section Velocity 

(m/s) 

Area per 

section 

(m2) 

Discharge 

per section 

(m3/s) 

Total 

discharge 

(m3/s) 

Total 

cross-

sectional 

area 

(m2) 

Average 

velocity 

(m/s) 

1 - 15 22,5 4/9/2011 

2 1,5 m/s 45 67,5 

90 60 1,5 

1  0,75 10 7,5 10/9/2011 

2 1,12 33 37,0 

 

44 

43 1,03 

1 1,23 13,0 16,0 19/9/2011 

2  1,34 41,2 55,2 

 

71 

54 1,31 

1 1,30 4,0 5,2 23/9/2011 

2  1,07 16,0 17,1 

 

22 

20 1,12 

 
Yarugu 

The discharges measured in Yarugu are presented in Table B.5. 

Table B.5 Discharges measured in Yarugu 

Date Section Velocity 

(m/s) 

Area per 

section 

(m2) 

Discharge 

per section 

(m3/s) 

Total 

discharge 

(m3/s) 

Total 

cross-

sectional 

area 

(m2) 

Average 

velocity 

(m/s) 

1  0,60 

m/s 

36 21,6 

2 - 15 9,0 

4/9/2011 

3 0,71 

m/s 

82 58,2 

89 133 0,67 

1  0,64 53 33,9 

2 - 0 - 

10/9/2011 

3 - 86 55,0 

89 139 0,64 

1  0,76 54 41,0 

2  0,75 55 41,3 

19/9/2011 

3  0,84 102 85,7 

168 211 0,80 

1 0,53 49 26,0 

2 - - - 

23/9/2011 

3 0,69 79 54,5 

81 128 0,63 

 
Comparison 

The sum of the discharges measured in Yarugu and Nangodi can be compared with the 

discharge in Pwalugu, in order to estimate the relative contribution of the Red Volta to the 

discharge of the White Volta (Table B.6). To be able to compare the discharge the time lag, 

after which the water reaches Pwalugu, has been calculated. The velocity is chosen at 1 m/s, as 
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this is the average velocity during the field research in the White Volta River. The distance of 

the trajectories Yarugu-Pwalugu and Nangodi-Pwalugu are 150 and 115 km (HKV, 2012). The 

time lag is therefore ± 1.5 day. The discharge at Pwalugu is derived from interpolation (time of 

measurement plus 1.5 day). 

 

Table B.6 Comparison discharge Yarugu and Nangodi 

Date Discharge 

Yarugu (m3/s) 

Discharge 

Nangodi (m3/s) 

Summed 

discharge (m3/s) 

Discharge Pwalugu (m3/s) 

(timelag of 1.5 day) 

4/9/2011 89 90 179 241 

10/9/2011 89 44 133 160 

19/9/2011 168 71 239 501 

23/9/2011 81 22 103 210 

 
The discharge in Yarugu is on average 107 m3/s and the discharge in Nangodi is on average 57 

m3/s. The variation is quite high: the discharge in Yarugu ranges from 1 to 4 times the 

discharge in Nangodi. The average contribution of the Red Volta and White Volta branch are 

listed in Figure B.41. 

 

 

Figure B.41 Average contribution to discharge in Pwalugu 
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B.3.2 Suspended sediment 

B.3.2.1 Pwalugu 

The suspended sediment measurements have been taken at the same points as the velocity 

measurements (x = 5 m, x= 30 m and x= 65 m) (Figure B.20). The variation of sediment 

concentrations in the three sections is presented in Figure B.42.  

 

 

Figure B.42 Suspended sediment concentration over cross-section, Pwalugu 

In general, the concentration is quite constant within the cross-section. The extreme value of 

September 1st occurred during high flow. There had been only one measurement in section 3, so 

this value is quite inaccurate. The measurements in section 2 are most reliable, as on this 

location most repetitive measurements have been carried out. The suspended sediment is 

calculated with the following formula:  

 

Average sediment concentration=  

 

With: 

Ai = Area section i / Total area 

ci = concentration in section i 

 

The Total area = 85 m.  

The sectional areas for sections 1, 2 and 3 are respectively 20, 30 and 35 m. 

 

3

1 i ii
A c

=
⋅∑
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In some cases one or more measurements are missing. In that case, the available 

measurement is multiplied by a larger sectional area. As the suspended sediment 

measurements are not varying too much over the cross-section, this is considered permissible. 

The sediment concentration is plotted versus discharge in Figure B.43.  

 

Figure B.43 Sediment concentration and discharge in Aug/Sep 2011, Pwalugu 

 
The following is observed: 

- Suspended sediment peaks are very sharp. The concentration peaks during rising stages and 

drops very fast as soon as the discharge drops. 

- The measured concentrations are in the range of 200-800 mg/L. 

- The sediment concentration on 3 September was higher than on 31 August, while the 

discharge was lower. This indicates a hysteresis effect: during rising stages, the sediment 

concentration is higher than during falling stages. 

Note: On the day of maximum discharge (2 September) no sediment measurements were 

taken. Based on observations from the bridge it was observed that sediment concentrations on 

that day were higher than any other day. Therefore it is estimated that the sediment 

concentration would have reached a maximum on 2 September 2011. 
 
The sediment load is calculated by the following formula: 

 

Sediment load = Sediment concentration * Discharge [kg/s] 

 

In case the discharge was not measured, the discharge was estimated from the stage-discharge 

relation in Figure B.39, taking into account the hysteresis effects for falling and rising stages. 

Based on the results presented in Figure B.43 the total sediment load in the period 31 August – 

22 September was 275.000 ton. 
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Figure B.44 Sediment load White Volta river Aug/sep 2011, Pwalugu 

  

Surface dip measurements 

In addition to the depth-integrated measurements, also surface dip measurements have been 

taken (Table B.7). The average correction factor between surface dip and depth-integrated 

measurements is 1.33. Even though few measurements have been taken, the accuracy of the 

measurements appears to be high, with standard deviations within a range of 0.01 and 0.1. 

Table B.7 Comparison surface dip and depth-integrated measurements 

  Surface dip (mg/L) Depth-integrated  (mg/L) Factor 

5/9/2011 0.31 (n=1) 0.38 (n=1) 1.22 

17/9/2011 0.20 (n=3, sd = 0.02) 0.28 (n=3, sd=0.01) 1.4 

18/9/2011 0.56 (n=1) 0.83 (n=4, sd = 0.1) 1.5 

20/9/2011 0.33 (n=2, sd=0.01) 0.42 (n=3, sd = 0.04) 1.27 

21/9/2011 0.29 (n=2, sd = 0.02) 0.36 (n=3, sd=0.03) 1.24 

Average 0,34 0,45 1,33 

 

Particle size distribution 

The particle size distribution of the suspended sediment samples was not measured. However, 

the following has been observed: 

- the samples consist mainly of silt/clay and a small fraction of sand (Figure B.45). 

- the washload samples contain almost no sand particles. 

- there is a difference in colour between different samples (Figure B.46). The 

darkest colours appear to have the highest sediment concentrations.  
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Figure B.45 Dried sediment samples 

 

Figure B.46 Dried sediment sample 

 

Sediment rating curve 

A sediment rating curve has been produced, based on the results of the fieldwork supplemented 

with the results found by Nippon Koei (1966) and Akrasi (1994). This was done in order to have 

data in a wide range of discharges. In Figure B.47 it is shown that the measurements are in the 

same order of magnitude and are comparable, but that there appears to be much scatter.  
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Figure B.47 Sediment measurements White Volta river, Pwalugu 
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The rating curve formula is presented in Figure B.48. The general formula for a rating curve is:  

 

log( ) log( ) *log( )S a b Q= +  which is equal to * bS a Q=  

 

Filling in the coefficients of the trend line, the following formula is obtained: 

 

log( ) 1.041 1.2078*log( )S Q= − +  which is equal to 
3 1.2078[ / ] 0.091* [ / ]S kg s Q m s=  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.48 Sediment rating curve, White Volta river, Pwalugu 

 

When applying the rating curve to the 6 hourly discharge series for the period 2003-2007 (see 

chapter 3.1.4), the average yearly sediment load ≈ 1.1 M t/year. By dividing this by the 

correction factor of 1.33, the annual input of washload is 0.83 M t/year. With a porosity of 0.4 

and a density of 2700 kg/m3, the annual input of washload  = 0.77 M m3/year. The dead 

storage of the reservoir is 940 M m3, so it would take 1223 years to completely fill up the dead 

storage. When averaging out the washload over the surface area (Aaverage = 250 km2), the 

annual siltation rate is 3 mm/year. 

 

B.3.2.2 Nangodi 

The suspended sediment concentration and load for Nangodi are calculated using the following 

formula:  

3

1

i i

i

S Q c
=

= ⋅∑  

The results are presented in Table B.8 and the following can be observed: 

- The average sediment concentration measured in Nangodi is 0.19 g/L. 

- The sediment concentrations in sections 1 and 2 are quite similar. 

- There are no large variations in sediment concentration between different dates.  

- The difference in sediment load is mainly caused by higher discharges. 

 

Rating curve formula
Koei (1966) Akrasi (1994) and van der Zwet (2011)

-2
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) van der Zwet (2011)
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Y=1.2078x-1.041 

      R2=0.9557 



May 2012 Joost van der Zwet Appendix B 

  107 

 

Table B.8 Suspended sediment concentration and load, Nangodi 

Date Section Discharge 

per section 

(m3/s) 

Sediment concentration 

(g/L) 

Sediment load 

(kg/s) 

1 22,5 0,19 (n=1) 4/9/2011 

2 67,5 0,21 (n=3, sd=0,04) 

18,5 

1  7,5 0,13 (n=3, sd=0,01) 10/9/2011 

2 37,0 0,13 (n=3, sd=0,006) 

5,8 

1 16,0 0,18 (n=2, sd = 0,03) 19/9/2011 

2  55,2 0,22 (n=2, sd = 0,006) 

15,0 

1 5,2 - 23/9/2011 

2  17,1 0,21 (n=2, sd = 0,05) 

4,7 

Average all 

sections 

 57 0,19 11 

 

  

B.3.2.3 Yarugu 

The sediment load for Yarugu is calculated the same way and the results are presented in Table 

B.9.  

Table B.9 Suspended sediment concentration and load, Yarugu 

Date Section Discharge per section 

(m3/s 

Sediment concentration 

(g/L) 

Total sediment 

load (kg/s) 

1  21,6 0,40 (n=1) 

2 9 0,50 (n=1) 

4/9/2011 

3 58,5 0,40 (n=1) 

37 

1  34 0,21(n=2, sd = 0,01) 

2 - - 

10/9/2011 

3 55 0,20 (n=3, sd =0,003) 

18 

1  41,04 0,58 (n=2, sd = 0,01) 

2  41,3 - 

19/9/2011 

3  85,7 0,60 (n=2, sd = 0,09) 

99 

1 26 - 

2 - - 

23/9/2011 

3 54 0,34 (n=2, sd = 0,04) 

27 

Average all 

sections 

 106.75 0.40 45 

 

- The average sediment concentration is 0,40 g/L. 

- The sediment concentration appears to be quite constant over the cross-section. 

- At 10/9 and 23/9 the concentrations were significantly lower than at the other dates.  

- Concentration is highest on 19/9. On this day also the discharge was maximal. 
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B.3.2.4 Comparison 

The sediment loads in Nangodi and Yarugu are compared in Table B.10. Again, for Pwalugu a 

time-lag of 1,5 day is applied. 

 

Table B.10 Comparison sediment load Nangodi and Yarugu 

Date Sediment load 

Nangodi (kg/s) 

Sediment load 

Yarugu (kg/s) 

Sediment load (kg/s) 

(sum Nan+Yar) 

Sediment 

load 

Pwalugu 

(kg/s) 

4/9/2011 18 37 55 78 

10/9/2011 6 18 24 45 

19/9/2011 15 99 114 150 

23/9/2011 5 27 32 60 

 
The suspended sediment load in Yarugu is 2-6 times higher than in Nangodi. A substantial part 

of sediment load seems to be originated from lateral inflow (25 – 47 %). The average 

contribution of the Red Volta and lateral inflow to total suspended sediment transport in 

Pwalugu is presented in Figure B.49. 

 

Average contribution to suspended sediment load in Pwalugu

14%

49%

37% Nangodi

Yarugu

Lateral inf low

 

Figure B.49 Suspended sediment load 
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B.3.3 Bed material samples 
 
B.3.3.1 Particle size distribution 

The resulting particle size distribution curves of the bottom material can be found in Appendix 

A. The D16, D50, D84 and D90 values for Pwalugu are presented in Table B.11. The bottom 

material at site 1 (inner bend) consists of very fine sand, at site 2 (middle) of medium sized 

sand, and at site 3 (outer bend) of coarse sand/gravel. This can be explained by the flow 

velocity distribution over the cross-section; flow velocity is lowest in the inner bend (site 1) and 

highest in the outer bend (site 3). It can be seen that the particle size distribution is not the 

same on 6-9 and 22-9. This could be due to measurement errors in the analysis or due to 

morphological changes (sedimentation or erosion). It could also be the consequence of a lower 

discharge on the 22th compared to the 6th, because the higher the discharge the more coarse 

sand could be transported as bed load. 

Table B.11 Particle size distribution Pwalugu 

  D16 

(mm) 

D50 

(mm) 

D84 

(mm) 

D90 

(mm) 

Q 

(m3/s) 

Pwalugu Site 1 6-9 0.25 0.40 0.6 0.7 200 

 22-9 0.30 0.44 0.7 0.8 266 

Pwalugu Site 2 5-9 0.32 0.60 0.9 1 240 

 22-9 0.51 0.80 1.1 1.4 266 

Pwalugu Site 3 6-9 0.80 1.6 3 4 200 

 22-9 0.7 1.3 3 5 266 

 

The D16, D50 and D84 values for Yarugu are presented in Table B.12. The bed material in Yarugu 

consists of fine sand (finer than in Pwalugu) and is more constant over the cross-section than in 

Pwalugu. The bed material in Nangodi could not be analyzed, as sampling was impossible due to 

a rock bed. 

Table B.12 Particle size distribution Yarugu 

  D16 

(mm) 

D50 

(mm) 

D90 

(mm) 

Q 

(m3/s) 

Yarugu Site 1 23-9 0.29 0.41 1 81 

Yarugu Site 3 10-9 0.28 0.42 1.1 89 

Yarugu Site 3 23-9 0.21 0.30 0.6 81 
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B.3.3.2 Bed load transport 

Bed load transport is calculated using the theoretical formulas of Engelund-Hansen, Meyer-Peter 

–Muller and van Rijn (Appendix A). The average particle size distribution of the middle section is 

used as input (D50=0.7mm and D90 =1.2 mm). The results are presented in Figure B.50. 
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Figure B.50 Bed material load formulas, Pwalugu Aug/Sep 2011 with D50=0.7 mm and 

D90=1.2 mm 

 

Criteria: 

• Engelund-Hansen: 

o 0.07 < θ <6 : criteria met in all cases.  

o 0.19 mm<D50<0.93 mm: criteria met in all cases. 

o ws/u* <1. : Criteria met in all cases except for low flows at 9/9, 17/9 and 22/9.  

• Meyer-Peter and Muller: 

o µθ <0.2: Criteria met in 50 % of the cases (during low flows). 

o D>0.4 mm: Criteria met in all cases. 

o ws/u* >1. : Criteria met only for low flows at 9/9, 17/9 and 22/9. 

According to the criteria, Engelund-Hansen can be used during high flows (Q>225 m3/s). Meyer-

Peter-Muller can be used during low flows (Q<400 m3/s). It is not known whether the bed 

material of the middle section is representative for the whole river reach. The bed load 

predictions with bed material of the inner bend as input (D50=0.42mm and D50= 0.75 mm) is 

presented in Figure B.52. 
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Figure B.51 Bed material load with D50 = 0.42 mm and D90 = 0.75 mm 

 
The following parameters have been used as input into the formula: 

h and Q follow from field measurements; i=0.0002; B=81 m and k=a=0.5. 

The roughness values are plotted in Figure B.52. 
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Figure B.52 Roughness values Pwalugu, 2011 

 

 

 



Appendix B Joost van der Zwet May 2012 

112   

The Shields numbers during the fieldwork and the critical Shields number are presented in 

Figure B.53. It can be observed that in September/August 2011 the Shields number exceeded 

the critical Shields number. 

Shields number

0

0.2

0.4

0.6

0.8

1

1.2

1.4

30-Aug 04-Sep 09-Sep 14-Sep 19-Sep 24-Sep

2011

S
h

ie
ld

s
 n

u
m

b
e
r

Shields number

Critical Shields number

 

Figure B.53 Shields numbers and critical Shields number in August/September 2011  
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B.3.4 Riverbank samples 

The hydrometer method requires the density of the sediment as input for the Stokes-formula. 

The density of very fine sand from Pwalugu, Nangodi and Yarugu has been analysed with a 

pyknometer and appeared to be 2700 kg/m3. The particle size distribution of the riverbank 

samples is presented in Appendix C. The curves consist of two different parts. The left part is 

determined by the hydrometer method, the right part by dry sieving. The gap in between is due 

to the fact that the first density measurements can only be taken after 1 minute, because of 

instability of the suspension in the measurement tube. By that time, many of the silt particles 

have already settled to the bottom, and cannot be measured. The sand/silt/clay fractions of the 

riverbank samples are presented in Table B.13. The following classification rules are used: 

• Clay: D<0.002 mm 

• Silt: 0.002<D<0.065 mm 

• Sand: 0.065<D<2 mm 

• Gravel: D>2 mm 

  

Table B.13 Particle size distribution riverbank samples 

 Sand (%) Silt (%) Clay (%) 

Pwalugu old bridge           

(after 1st flood wave) 

14 63 23 

Pwalugu bridge                        

(after 1st flood wave) 

12 58 30 

Pwalugu bridge                     

 (after 2nd flood wave) 

19 62 19 

Nangodi                               

(after 1st flood wave) 

40 48 12 

Nangodi                               

(after 2nd flood wave) 

80 14 6 

Yarugu                            

 (after 2nd flood wave) 

70 24 6 

 
Pwalugu (White Volta) 

• The sediment deposited on the banks at Pwalugu consists predominantly of silt and clay. 

• The measurements at the two different sites near Pwalugu (bridge and old bridge) are 

similar. 

• After the first flood wave, the clay fraction was higher than after the second flood wave.  

Nangodi (Red Volta) 

• After the first flood wave fine sand, silt and clay have been deposited on the banks. 

• After the second flood wave the riverbanks are sandy (very fine sand). Little silt and 

clay has been deposited. 

Yarugu (White Volta) 

• The riverbank material at Yarugu is predominantly sandy. The clay fraction is small. 

• Very little sediment has been deposited on the riverbanks after the second flood wave. 

• Based on field observations, there had been deposited sediment on the riverbanks after 

the first flood, but no measurements were taken (Figure 2.10 and 2.11). 
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The results of the mineralogical analysis are presented in Table B.14. 

 

Table B.14 Mineralogy riverbank samples 2011 

 P1 P2 P3 R1 R2 Y1 

 Pwalugu 

5/9 

(bank) 

Pwalugu 

22/9 

(bank) 

Pwalugu 

old site 

23/9 

Nangodi 

(4/9) 

(muddy) 

Nangodi 

23/9 

(fine 

sand) 

Yarugu 

23/9 

Quartz 

 

67 % 62 % 71 % 80 % 72 % 47 % 

Albite:  

 

16 % 21 % 11% 20 % 16 % 40 % 

Microcline:  

 

4 % 10 % 3 % 0 % 13 % 13 % 

Kaolinite:  13 % 7 % 14 % 0 % 0 % 0 % 

       

D16 (mm) <0.001 <0.001 <0.001 0.01 0.06 0.02 

D50 (mm) 0.017 0.03 0.02 0.05 0.15 0.1 

D84 (mm) 0.05 0.07 0.05 0.1 0.27 0.28 

       

Clay 30 % 21 % 23 % 13 % 7 % 10 % 

Silt 34 % 59 % 62 % 48 % 14 % 30 % 

Sand 12 % 20 % 15 % 39 % 79 % 60 % 

 

 

• Microcline is a potassium rich feldspar mineral. It is common in granite and pegmatites. 

• Albite is a sodium-rich feldspar mineral. It is also common in granite and pegmatite. 

• Quartz is the most-abundant mineral in the Earth's continental crust. It is a mineral that 

does not break down to clay minerals. 

• Kaolinite is a clay mineral. It is a soft, earthy, usually white mineral, produced by the 

chemical weathering of aluminium silicate minerals like feldspar. Kaolinite clay occurs in 

abundance in soils that have formed from the chemical weathering of rocks in hot, moist 

climates—for example in tropical rainforest areas (Wilson, 2010) 
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Appendix C: Reservoir water balance model 

The operation of the reservoir is modelled in Excel using the water balance. In evolutional form 

the equation reads: 

 

( )
t t t in evaporation leakage turbines spillway

V V Q Q Q Q Q t+∆ = + − − − − ∆  

 

with: 

∆t: timestep of 6 hours. 

Qin: 6-hourly discharge series of Pwalugu for the period 2003-2007 are used.  

Qevaporation: Evaporation flux = Evaporation rate * Surface area. The evaporation rate is on 

average 1.134 m / year (prefeasability report, 1994). It is assumed that the rate is constant 

throughout the year. The surface area is not constant, as this depends on the water level. The 

A/h relation (Chapter 4.2.1) is used to convert water levels to surface area and subsequently to 

an evaporation flux at every time step. 

Qleakage: The leakage through the dam and infiltration of the subsurface is not known. The 

leakage is set at a low value of 2 m3/s. That way there will always be a small discharge in the 

river downstream, which is a requirement for the SOBEK model. 

Qturbines: Flow through the turbines depends on the operational strategy. In this model it is 

possible to use a constant flow as well as a head-dependent flow. This flux is only active when 

VminOL < V < VmaxOL 

Qspillway: For every timestep the reservoir level is checked. In case the level exceeds max OL, all 

excess water will be discharged through the spillway in the next timestep. 

 

Figure C.1 Water balance model scripts 
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The outflow through the turbines can either be constant, by manipulation of the gates, or a 

function of the water level using the formula for flow through turbines:  

( )2Q B w g H wµ µ= −  

in which: 

B: width = number of turbines in operation* width per turbine 

µ: contraction coefficient = 0.7 (-) 

w: vertical gate opening height (m) 

H: energy level upstream with respect to gate level (m) 

g: gravitational acceleration = 9,81 (m/s2)   

 

There will be two turbines in the future dam. The maximum discharge through both the turbines 

(at max OL) is 170 m3/s (COB, 1993). The dimensions of the gates are not known. The width 

per turbine (B/2) is assumed to be 5 m. The gate opening is located at h = 145 m. That way the 

heads at Max OL and Min OL are 23 m and 9.4 m. The width follows from the formula; w= 1,25 

m.  With this gate opening width the flow at minimum operative level is Qmin = 105 m3/s. The 

assumed dam dimensions used in the water balance model are schematised in Figure C.2. 

 

 

 

 

 

 

 

 

 

 

Figure C.2 Dam dimensions  

 

Base level =130 m 

Gate level =145 m 

w = 1.42 m; B = 10 m 

Min OL =154.4 m 

Max OL =168 m 

Top level =171m 

turbines 

spillway 
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Appendix D: SOBEK model I (sedimentation) 

Slope 

The average slope between minimum and maximum reservoir extent = 0.00034 (HKV, 2012). 

River bed 

The river profile at Yarugu has been used (Figure E.1). A schematisation is presented in Figure 

E.2. 
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Figure E.1 Cross-section White Volta river at Yarugu Figure E.2 Schematization 

of river bed 

 

Floodplains 

A representative cross-section of the floodplain has been drawn from a DEM map of resolution 

20x20 (SRTM) at location WV 021, perpendicular to the centre line of the main channel (Figure 

E.3). It can be seen that surface levels of the floodplain are going both up and down, while 

SOBEK RE requires cross-sections in ascending order (Figure E.4). Therefore the elevations are 

sorted (Figure E.5). The average sorted slope equals (174-160)/3100 = 0.45 %. The reservoir 

at max OL does not become much wider than 3200 m, so from that width on the slopes are set 

vertically (Figure E.6). 

            

 

 

 

 

Figure E.3 Upstream reach of White Volta when reservoir is 

at max OL. Coordinates WV021  (decimal degrees):           

(-0.3538;10.7646) 

100 m 

4,5 m 

80 m 
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Representative floodplain White Volta valley (WV021)
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Figure E.4 Cross-sectione White Volta valley (WV021) derived from DEM map 

Representative floodplain White Volta valley (WV021)
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Figure E.5 Elevations of cross-section in ascending order 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.6 Cross-section schematised based on sorted elevation. 

  

 

Reach length: 

The river reach between minimum and maximum reservoir extent is equal to 40 km. As 

backwater effects could also cause sedimentation, the reach has been extended for 80 km in 

upstream direction. In downstream direction the reach has been extended with 30 km.  
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Slope:  

The average slope between maximum and minimum reservoir extent = 0.00034 (HKV, 2012). 

The riverbed elevation at x = 0 is 190.7 m+NLD. The floodplain level of 168 m (max OL) is 

reached after 80km. 40 km further downstream the floodplain level is at 154.4 (min OL). 

 

Boundary conditions: 

Upstream, flow: Discharge series Yarugu, period 2003-2007. This series is repeated 10 times, 

50 years in total. 

Upstream, sediment transport: Constant riverbed level. It is assumed that at the upstream 

boundary the velocity is not influenced by the backwater curve and bed aggradation won’t 

occur.  

Downstream, flow: Series of water levels in the reservoir for the period 2003-2007 with time 

steps of 6 hours. These values are derived from the water balance model.  

 

Friction 

Main channel: Chezy roughness = 50 m1/2/s. This is the average roughness value. The total 

range is between 20 and 80 m1/2/s (see Chapter B.3.3). 

1st floodplain: Nikuradze value of kN = 1 m. Along the riverbanks of the White Volta River 

bushes are present with an estimated roughness value of kN = 1 m. 

2nd floodplain: Nikuradze kN = 0.5 m. On the main floodplain savannah grassland with sparse 

trees is present, with an estimated roughness value of kN = 0.5 m. 

 

Transport formula 

The Engelund Hansen formula is used (Appendix A). This formula estimates total transport and 

meets the flow criteria in most cases (Appendix B).  

Initial conditions: 

Flow: automatically defined 

Bed material: D0.5 = 0.35 mm and D0.9 = 0.6 mm (Chapter 0) 

 

Grid definition: 

∆x = 500m 

 

Run time data: 

Start: 2003/01/01;00:00:00 

End: 2053/01/01;00:00:00 

Computation time step: 06:00:00 
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Appendix E: SOBEK model II (erosion) 

Geometry 

In this model the cross-sectional profile at Pwalugu is used (Figure D.1). This is a representative 

cross-section for the river section downstream of the dam. The cross-section has been 

schematised by sorting the levels (Figure D.2). 

 

Figure D.1 Cross-section Pwalugu (river bed and floodplain) 
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Figure D 2 Schematised cross-section Pwalugu 

 

Slope:  

The average slope over the first 20 km downstream of the dam is = 0.000182 (HKV, 2012). 

Reach length: 

The riverbed level downstream of the dam is 130 m. The water level in Lake Volta = 80 m and 

the bed level at that location is 75 m. Given a constant slope, this results in a total reach length 

of (130-75)/0.000182=302198 m ≈ 300 km. 

Boundary conditions: 

Upstream, flow: Released discharge through the dam, which is the output of the water balance 

model. This 2003-2007 series is repeated 10 times (50 years in total) 

Upstream, sediment transport: The sediment load of the inflow is zero, as all sediment has been 

trapped in the reservoir. 

Downstream, flow: Water level in Lake Volta, which in reality varies between 75 to 85 m. As the 

distance between Pwalugu and Lake Volta (300km) is long, water level variation downstream 

will not influence the erosion near the dam. An average water level of 80 m has been selected.  
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Friction: 

Main channel: Chezy roughness = 25 m1/2/s. This is the average roughness value. The total 

range found during the fieldwork is between 10 and 35 m1/2/s (see Chapter B.3.3). 

1st floodplain: Nikuradze value of kN = 1 m. On the riverbanks of the White Volta river bushes 

are present with an estimated roughness value of kN = 1 m. 

2nd floodplain: Nikuradze kN = 0.5 m. On the main floodplain savannah grassland with sparse 

trees is present, with an estimated rougness value of kN = 0.5 m. 

Transport formula 

The Engelund Hansen transport formula is used. This formula estimates total transport and 

meets the flow criteria in most cases (chapter B.3.3).  

Initial conditions:  

Flow: automatically defined 

Bed material: D0.5 = 0.7 mm and : D0.9 = 1.1 mm (Chapter B.3.3) 

Grid definition: 

0- 30 km: grid = 50 m 

30-300 km: grid = 250 m 

Run time data: 

Start: 2003/01/01;00:00:00 

End: 2053/01/01;00:00:00 

Computation time step: 06:00:00 
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Appendix F: Particle size distribution bed material 
samples 
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Figure F.1 6/9 Pwalugu site 1  
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Figure F.2 22/9 Pwalugu site 1  
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Figure F.3 5/9 Pwalugu site 2  
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Figure F.4 22/9 Pwalugu site 2  

 

 

 



May 2012 Joost van der Zwet Appendix F 

  125 

nr 35: 6-9 Pwa S3 BM
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Figure F.5 6/9 Pwalugu site 3  
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Figure F.6 22/9 Pwalugu site 3  
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Figure F.7 23/9 Yarugu site 1 
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Figure F.8 10/9 Yarugu site 3 
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nr J: 23-9 Yar x=155m BM
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Figure F.9 23/9 Yarugu site 3 

  

Table F.1 Overview particle size distribution river bed samples 

Location Date D10 (mm) D50 (mm) D90 (mm) 

Pwalugu S1  6/9/2011 0.2 0.4 0.8 

Pwalugu S1 22/9/2011 0.2 0.5 0.7 

Pwalugu S2 5/9/2011 0.3 0.6 1 

Pwalugu S2 22/9/2011 0.5 0.8 1.5 

Pwalugu S3 6/9/2011 0.6 1.5 4 

Pwalugu S3 22/9/2011 0.6 1 4 

Yarugu S1 23/9/2011 0.3 0.4 0.9 

Yarugu S3 10/9/2011 0.2 0.4 1 
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Appendix G Particle size distribution riverbank 
samples 

Sample nr 22: 4/9 Red Volta Riverbank (muddy) 

D16 = 0.01 mm  D50 = 0.05 mm  D84 = 0.1 mm 

 

Sample nr 31: 5/9 Pwalugu riverbank 

D16 <0.001 mm  D50 = 0.017 mm  D84 = 0.05 mm 
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Sample nr A: 23/9 Yarugu Riverbank 1 

D16 =0.06 mm  D50 = 0.18 mm  D84 = 0.3 mm 

 

Sample nr B: 23/9 Yarugu Riverbank 2 

D16 =0.02 mm  D50 = 0.10 mm  D84 = 0.28 mm 
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Sample nr D: 23/9 Pwalugu Old site 1 

D16 < 0.001 mm  D50 = 0.02 mm  D84 = 0.05 mm 

 

Sample nr E: 23/9 Pwalugu Old site 2  

D16 < 0.001 mm  D50 = 0.03 mm  D84 = 0.05 mm 
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Sample nr F: 23/9 Nangodi riverbank (sandy)  

D16 =0.06 mm  D50 = 0.15 mm  D84 = 0.27 mm 

 

 

Sample nr Labda: Yarugu - Right bank  

D16 =0.06 mm  D50 = 0.09 mm  D84 = 0.18 mm 
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Sample nr NN1: 22/9 Pwalugu riverbank  

D16 < 0.001  D50 = 0.04 mm  D84 = 0.07 mm 

 

 

 

Sample nr NN2: 22/9 Pwalugu riverbank  

D16 < 0.001  D50 = 0.03 mm  D84 = 0.07 mm 
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Table H.1 Overview riverbank samples 

Location Date D16 (mm) D50 (mm) D84 (mm) 

Pwalugu left bank 5/9/2011 <0.001 0.017 0.05 

Pwalugu left bank 22/9/2011 <0.001 0.04 0.07 

Pwalugu left bank 22/9/2011 <0.001 0.03 0.07 

Pwalugu old site 1 23/9/2011 <0.001 0.02 0.05 

Pwalugu old site 2 23/9/2011 <0.001 0.03 0.05 

Nangodi (muddy) 4/9/2011 0.01 0.05 0.1 

Nangodi (sandy) 23/9/2011 0.06 0.15 0.27 

Yarugu right bank 1 23/9/2011 0.06 0.09 0.18 

Yarugu right bank 2 23/9/2011 0.06 0.18 0.3 

Yarugu right bank 3 23/9/2011 0.02 0.10 0.28 
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Appendix H: Mineralogy riverbank samples 
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Figure H.1 Yarugu (White Volta) 23/9/2011 
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Figure H.2 Nangodi (Red Volta) 23/9/2011 
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Figure H.3 Pwalugu (White Volta) 5/9 
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Figure H.4 Pwalugu old site (White Volta) 23/9 
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Figure H.5 Nangodi (Red Volta) 4/9 
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Figure H.6 Pwalugu (White Volta) 22/9 
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Appendix I: XRD Quantitative analysis 

XRD Semi-quantitive determination . 

 
The numbers in wt% are not absolute! Matrix effects are not corrected for, 

therefore the compositions should only be compared one sample 

relative to the other. Unidentified phases are neglected. Texture is not 

taken into account 

The (integral) intensities and peak positions are determined with program Eva. 

The mineral data are obtained from the ICDD-Pdf4 database. 
 

 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

 
B-yar_20jan12.raw Quartz  26.612  3852  98769  28965  47 

Microcline  27.362  186.2  4774  8092  13 

Albite  13.887  80.61  2067  24466   40 sum 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

 
PWA-lumped_23jan12.raw Quartz  26.65  3117.1  79926  23439  67 

Microcline  27.52  35.27  904  1533  4 

Albite  22.029  111.4  2856  5558  16 

Kaolinite-1A  12.322  155.9  3997   4595   13 sum 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

 
F-red_23jan12.raw Quartz  26.65  4433.7  113685  33339  72 

Microcline  27.459  136.4  3497  5928  13 

Albite  22.054  146.5  3756   7309   16 sum 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

 
red-blub_20jan12.raw Quartz  26.64  4052  103897  30468  80 

Albite  22.049  148.5  3808   7409   20 sum 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

 
PWA-old_20jan12.raw Quartz  26.676  3141  80538  23618  71 

Microcline  27.496  25.43  652  1105  3 

Albite  22.083  73.72  1890  3678  11 

Kaolinite-1A  12.344  157.7  4044   4648   14 sum 

Raw Area   Raw Area  Raw Area 
 composition 

 sample  compound  2theta  cpsxdeg  counts  corrected  wt%   

sample-6_20jan12.raw Quartz  26.679  4549.5  116654  34209  62 

Microcline  27.51  127.7  3274  5550  10 

Albite  22.057  227.9  5844  11371  21 

Kaolinite-1A  12.337  136.4  3497   4020   7 sum 
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