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i ABSTRACT 

Kattan, Z., Gac, J.Y. and Probst, J.L., 1987. Suspended sediment load and mechanical erosion in 
the Senegal Basin - Estimation of the surface runoff concentration and relative contributions 
of channel and slope erosion. J. Hydrol., 92: 59-76. 

The main purpose of this paper is to propose a method to better understand the suspended 
sediment dynamics in the Senegal Basin, and the behaviour of the river particulate load a t  Bake1 
gauging station (218,000 km') during the period 1979-1984. 

The method is based on the estimation of surface discharge using a simple hydrological model 
which allows separation of the different flow components of the annual hydrograph. Then the 
suspended sediment loads can be correlated with the surface discharge. During the study period, 
the mean annual flow (330 m3 s- ' )  represented only 46% of the mean long-term flow (1903-1984), and 
the mean yearly particulate load carried by the Senegal River was about 1.9 million tons. Two 
approaches are used to estimate the different contributions to the river's suspended sediment 
transport. The main contribution originates from slope erosion, which supplies 5&80% of the total 
Tediment transpqrt and the second originates from channel erosion. The suspended sediment 

0.9 to 1.6 gl-' and averages 1.3 g1-I. After correction for channel erosion input, this concentration 
is reduced to  1.1 gl-'. 

I 
~ 

I Concentration in the surface runoff, primarily calculated by a global annual method, ranges from 

INTRODUCTION 

Since the beginning of the 20th century, many hydrological research inves- 
tigations have been devoted to the African continent. Most of these studies 
have been carried out by ORSTOM researchers who have developed an impor- 
tant hydrological network in several African countries. 

Among these studies, the dissolved and suspended loads carried by African 
rivers have been of great interest to better understanding upland erosion and 
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the sedimentation processes. Many works have been devoted to these subjects 
in the African continent: Martins (1982, 1983) for the Niger, Soliman (1982, 
1983) and Kempe (1983) for the Nile, Hart (1982,1983) for the Orange, Clerfayt 
(1956), Nkounkou and Probst (1987) for the Congo, Pias (1962, 1968), Billon 
(1968), Billon et al. (1969), Carre (1972), Chouret (1973), Carmouze (1976) and 
Gac (1980) for the Chari, Mandin (1957), Michel (1968, 1973), Gac and Pinta 
(1973), Kane (1985), Gac and Caril (1986) and Gac and Kane (1986) for the 
Senegal, Olivry (1982) and Lô (1984) for the Gambia, Nouvelot (1969, 1972) and 
Olivry (1977) for the Cameroon, Mathieu (1971), Lenoir (1972) and Monnet 
(1972) for the Ivory Coast rivers, and finally, Grove (1972), Lisitsin (1972) and 
Walling (1983, 1984) for several African rivers. 

The purpose of this study is to give a review of the hydrological and geo- 
chemical characteristics of the Senegal River and to present a method to better 
understand the suspended sediment load dynamics and mechanical erosion in 
the Senegal Basin. The data used in this study have been collected by Gac, who 
has led the ORSTOM research program of the Senegal River hydrogeochemis- 
t ry  a t  Bakel gauging station, during the period 1979-1984. 

STUDY AREA CHARACTERISTICS 

The Senegal Basin lies between 10O.20 and 17°.00N and between 7O.00 and 
16O.20 W. It covers an area of about 268,000 km', and includes parts of four 
countries: Guinea, Mali, Mauritania and Senegal. The mean elevation is about 
300 m. 

The Senegal River is the main stream of the basin. It is about 1800 km long 
and drains the western slopes of Guinea. It crosses the western part of Mali and 
the rest of its course forms the border between Mauritania and Senegal, until 
it flows into the Atlantic Ocean a t  St. Louis (Fig. 1). 

The study area occupies the upstream part of the Senegal Basin and it 
covers, aboye Bakel gauging station, about 218,000 km', which represents 
about 81% of the total basin surface. The mean annual temperature ranges 
from 20 to % O C .  The geological substratum can be divided, in order to simplify, 
into the following three main formations (Rochette, 1974) from 'oldest to youn- 
gest: (1) the ancient, pre-Paleozoic bedrock, composed of metamorphic rocks, 
such as schist, micaschist, quartzite and basic rocks transformed into green- 
stones; (2) the Paleozoic, composed widely of sandstones, quartzites, pelites and 
limestones; and (3) the Cenozoic, mainly composed of clayey sandstones. 

The aiinual rainfall ranges from 250 to more than 2000"; however the 
annual average rainfall was not more than 900mm, for the period 1931-1960 
preceding the drought of 1973-1974 (Rochette, 1974). Assuming that this 
drought period was taken into account, the estimation ofmean annual rainfall, 
which has been carried out by Sow (1984) was about 818" yr-' over the period 
1951-1980, while our estimate is 650mm, i.e. 142.109m3yr-', according to the 
data published by Olivry (1982). 
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Fig. 1. General situation of the Senegal Basin. . 

Five annual water years have been investigated during the period May 
1979-November 1984. The mean monthly discharges at  Bakel gauging station 
are summarized in Table 1. The values range from 0.19 to 2000m3s-', and the 
mean interannual discharge was about 330m3s-', i.e 10.4 x 109m3yr-'. Ap- 
proximately 83% of the annual runoff was discharged during the warm months 
(August, September and October). Olivry (1982) noted that the Senegal River 
discharge decreased greatly duripg the last 15 yr, as a result of the drought, as 
we can see in Fig. 2. The mean annual runoff, which is about 330 m3 s-l forithe 
study period (1979-1984) represents only about 46% of the mean long-term 

TABLE i 

I 

Average monthly discharges of Senegal River a t  Bakel gauging station (m's-') 

Years M J J A S O N D J F M A Module 

1979/80 1.68 42.3 308 991 1263 573 293 96.0 43.2 17.3 4.2 1.43 303 
1980/81 0.56 21.6 317 1620 2000 476 191 83.3 38.1 15.4 4.5 1.28 402 
1981/82 0.35 34.8 441 1889 1680 639 222 84.4 42.9 16.6 5.1 1.43 423 
1982/83 0.57 0.34 250 1165 1322 540 217 65.7 34.0 14.3 3.9 1.31 303 
1983784 0.19 77.7 390 697 817 425 135 53.6 23.9 8.2 2.4 1.20 218 
Average 0.67 35.3 341 1326 1442 533 212 76.6 36.4 14.4 4.0 1.33 330 



5 

62 

0 %  Years 

lg03 i g i o  1920 1930 1940 1950 1960 1970 19801984 

Fig. 2. Fluctuations ofthe annual module of the Sent&] River a t  Bake1 gauging station since 1903. 

discharge (721 m"s-'). The water budget of the Senegal Basin, calculated 
during the study period by Gac and Kane (1986), shows that the runoff coef- 
ficient is only 7.3%. 

SEPARATING THE STREAM FLOW COMPONENTS FROM THE ANNUAL HYDROGRAPH 

Hydrograph separation is one of our more serious problems in hydrology, 
and the flow components of this hydrograph are not well-defined. Many papers 
have been devoted to hydrograph separation methods: Barnes (1939), Schoeller 
(1962), Castany (1963), Roche (1963), Cottez (1967), Pinder and Jones (1969), 
Rambert (1971), Linsley et al. (1975), Reminieras (1976), Pilgrim et al. (1978, 
1979), Gac (1980), Merot et al. (1981), Blavoux and Mudry (1983), and Probst 
(1983). However, few data are available on annual hydrograph separation 
methods, notably: Schoeller (1962), Kudelin (1946, 1965), Rezai-Valyce (1970), 
Dinçer and Payne (1971), Rambert (1971), Gac (1980), and Bottomley et al. 
(1985). 

In order to separate the annual hydrograph components of the Senegal River 
a t  Bake1 gauging station, we can analyse the time response of the river dis- 
charge during the recession period (Fig. 3). The plot of logarithmic values of 
discharge versus time allows determination of three segments of approximately 
straight lines. The slopes of these straight lines are different and characterize 
the recession of the different hydrological reservoirs. The recession curves can 
be expressed by an exponential decrease: 

QL = Qo e-kL (1) 

where Q, and Qo are respectively discharge a t  time, t and t = O, k is the 
recession constant which depends on the characteristics of the reservoirs, t is 
the time. 

It is important to note that Maillet (1906), was one of the first to supply an 
exponential equation in order to express the spring discharge recession. This 
exponential equation has been later used by several authors (Barnes, 1939; 
Roche, 1963; Chow, 1964; Probst, 1983), in order to express the different com- 
ponent discharges. The recession constants of the Senegal River are given in 

t 
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, Fig. 3. Separation method of the different flow components of the annual hydrograph. 

Table 2 for each reservoir. According to these values, we can write the follow- 
ing equations for the different reservoirs: 

for the surface runoff (2) Q, , = Qo e-o.ogf'r 

For example, an  ication of this hydrograph separation ,is given in Fig. 
4 for the water yea 0-1981, The contribution of the different components, 
calculated using the hydrograph,separation is given in Table 3 for the period 
1979-1984. 

' I I  

TABLE 2 

Recession constants for each flow component, with time in days (r, h, and n are respectively surface 
runoff, subsurface runoff and groundwater flow) 

' Years Kr Kh K" 
~ 

1979/80 0.098 0.038 0.027 
1980/81 0.092 0.040 0.026 
1981/82 0.103 0.040 0.028 
1982/83 0.106 0.033 0.025 
1983/84 0.093 0.042 0.027 
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Fig. 4. Application of the separation of the different flow components to the annual hydrograph 
1980-1981. I 

TABLE 3 

Annual volumes discharged, by each flow component, calculated from hydrograph separation (in 
109m3) 

Years Total flow Surface runoff Subsurface flow Groundwater flow 

1979/80 ' '  9.48 0.95 1.14 7.39 
1980/81 , 12.68 2.41 3.42 6.85 
1981/82 13.38 1.47 2.54 9.37 
1982/83 9.55 1.53 2.48 5.54 
1983/84 6.55 0.90 0.97 5.06 
Average 10.40 I 1.45 2.11 6.84 

I 
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TABLE 4 

Average monthly suspended sediment concentrations in the Senegal River a t  Bake1 gauging 
station (mgl-') 

Years M J J A S O N D J F M A Average 

1979/80 $0.0 55.0 144.8 205.3 210.2 70.9 18.7 13.2 16.6 26.9 18.7 30.3 156.6 
. .1 1980/81 '34.3 161.4 333.1 301.9 , 174.4 62.5 30.8 60.1 46.6 18.4 32.5 19.9 207.8 

1982/83 13.7 20.8 266.8 194.1 143.9 86.5 21.0 18.2 46.5 48.0 29.8 9.3 148.9 
I .  ' 1983/84 9.3 721.6 505.1 258.1 162.2 114.2 57,3', ;'46.7 41.1 47.9 27.5 25.7 239.0 

I I '  ' , $  . '" . 1981/82 5.6 65.3 420.6' 199.5 . 163.2 55.5 27.9 20.3 12.2 16.3 6.6 13.3 175.0 

, '.;'9 

;,: " 

According to these values, the 'mean relative contribution of the surface, 
subsurfacd and groundwater flows' are respectively 14, 20, and 68% of the total 
river dischaEge. We cali then note alsbthat,, during the study period the surface 
runoff represents only 1% of the tdtal rainfall input. This result is perfectly 
compatible with the surface runoff measurements carried out by Roose and 
Lelong (1976) and Roose (1977) in these African tropical regions. 

1 .  ' 

SUSPENDED SEDIMENT EXPORT AND MECHANICAL EROSION 

Few data are available on the suspended sediment transport by the Senegal 
River. Some measurements have been carried out since 1908 (Seguy, 1955). 
Mandin (1957) has observed that the suspended sediment concentration is more 
important before the peak discharge. Michel (1968,1969, 1973), Sall (1982) and 
Michel and Sall (1984) were the first to study the bed-stream erosion of the 
Senegal River. Estimates by Michel (1968) for the annual suspended sediment 
transport, range between 1 and 2.8 million tons according to the water year. 
Michel (1968) has also noted that during the rainy season, the grass growth 

$e mechanical erosion. 
ded sediment concentrations are 

reported in Table 4. The mean monthly concentration ranges from 5.6 mg I-'  in 
May to 720mgl-' in June, while the annual average for the study period is 
about 185mgl-'. As seen in Fig. 5, the suspended sediment concentration 

e runaff discharge 
ues bf mean mónth 

Fig. 5. Comparison of variations of daily suspended sedimenteconcentrations with daily discharges 
for the water year 1983-1984. 
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begins to increase in May with the first arrival of surface runoff and reaches a . .  

its maximum during June, July and August, before the peak discharge. The 
highest concentration was observed during the driest year (1983-1984). 

It should be noted also that the lag between maximum concentration and 
peak discharge has already been observed for several African rivers: Carmouze 
(1976), Gac (1980), Kane (1985), Meybeck (1985) and Nkounkou and Probst 
(1987). 

As seen in Fig. 6, the relationships between mean monthly concentrations 
and discharges are cyclical. According to Carmouze (1976), Kattan (1984), Gac 
and Carn (1986) and Gac and Kane (1986), the following three periods could be 
distinguished in this relationship: 

(1) The first period is characterized by a strong increase of the suspended 
sediment concentration with discharge. This phase can be attributed to the 
first arrival of suspended sediment produced by rain splash erosion and trans- 
ported by the first surface runoff. This period corresponds also to the reworking 
of sediments which were accumulated in the river bed during the last flows. 

(2) The second period is characterized by a decrease of suspended sediment 
concentration with a strong discharge increase. This period corresponds to 
dilution of the sediment concentration and can be attributed to the end of both 
slope and channel erosion. This period corresponds to the river transport of the 
eroded sediment. 

(3) The third period is characterized by a decrease of sediment concentration 
with discharge. This phase corresponds to sediment deposition over the allu- 
vial plains and river bed. 

The yearly suspended sediment loads are calculated using the following 
method: 

i=365 

T = x 86.4 x 10-3 
ì = l  

where T = total suspended load in tons; Ci = mean daily suspended sediment 
concentration in mgl -’; and Ci = mean daily discharge in m3s-l. 
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Fig. 6. Relationships between suspended sediment concentrations and discharges for each water 
year (monthly averages). Where 1 is erosion; 2 transport and 3 is sedimentation. 
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The results of the suspended sediment exportations are reported in Table 5 
for the study period. 

The annual suspended sediment load of the Senegal River a t  Bakel gauging 
station ranges from 1.4 to 2.6 million tons and averages 1.9 million tons, i.e. a 
specific transport of 8.75 tons km-2yr-'. If we consider that the precipitation 
and discharge during the study period were below the normal conditions, one 
might have expected higher sediment concentrations and higher total loads 
under normal conditions. 

ESTIMATION OF THE SUSPENDED SEDIMENT CONCENTRATION IN SURFACE RUNOFF 
AND THE RELATIVE CONTRIBUTION OF CHANNEL EROSION 

Monthly and yearly suspended sediment loads (in tons) in the Senegal River a t  Bakel gauging 
station (T, is specific transport in tons km-'yr-') 

Estimation of suspended sediment concentration in surface runoff  

In most of the studies on river-suspended loads, the river-suspended sedi- 
ment concentration is correlated with the total river discharge, but we know 
that the river-suspended sediments are mainly produced by mechanical erosion 
processes on slopes, and that the suspended sediment concentration may then 
be correlated with the surface runoff. In order to better understand the sus- 
pended sediment dynamics in a drainage basin, some authors have tried to 
establish this correlation: Guy (1964), Mansue and Anderson (1974), Piest et al. 
(1975), Walling and Webb (1982) and Rieger and Olive (1984). 

Then, i t  could be interesting to calculate as did Callede (1974), the suspended 
sediment concentration in surface water using measurements in river water. In 
the Chari-Logone basin, Gac (1980) used the value (1 g I-') proposed by Callede 
(1974) for surface runoff concentration in order to calculate the relative contri- 
bution of the surface runoff. Finally, Probst (1983, 1986), Kattan (1984), 
Etchanchu and Probst (1986) and Probst and Bazerbachi (1986) have calculated 
the suspended sediment concentration in surface runoff using hydrological 
models. 

Considering that the river-suspended sediments are carried from the slopes 
into the river by the surface runoffwater, it may be possible to calculate the 
concentration in surface runoff. Hence, we have to suppose that the sediment 
concentrations are negligible in both subsurface and groundwater flows: 

TABLE 5 

Years 

1979/80 
1980/8l 
1981/82 
1982/83 
1983/84 
Average 

M 
- 
180.0 
51.4 
5.2 
20.9 
4.7 
52.4 

J 

6030.3 
9036.3 
5890.2 
18.3 

145325 
33260 

J 

119452 
282819 
496802 
178649 
527345 
321013 

A 

544927 
1309947 
1009370 
605657 
481937 
790368 

S 

717594 
904090 
710664 
493091 
343397 
633767 

O 

108812 
79682 
94988 
125108 
129851 
107688 

N 

14202 
15248 
16054 
11812 
19976 
15458 

D 
___ 
3465 
13402 
4589 
3203 
6697 
6271 

J - 
1921 
4880 
1402 
4262 
2632 
3019 

F - 
1126 
686 
655 
1661 
963 
1018 

M A  

210 135 
392 66 
90 49 
313 32 
177 80 
236 72 

Total 

1484824 
2634563 
2340000 
1422400 
16560(30 
1907557 

Ts - 
6.8 
12.1 
10.7 
6.5 
7.6 
8.7 
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Where C and Vare, respectively, the concentrations and the water volumes, 
and the indices ex and r represent, respectively, the total river flow, and the 
surface runoff. 

In this study, mean suspended sediment concentrations in surface runoff 
have been calculated for each water year using the annual global method 
proposed by Etchanchu and Probst (1986). The annual average concentration 
is calculated by dividing the total annual suspended load by the annual surface 
runoff volume (eqn. 7). 

As seen in Table 6, the mean suspended sediment concentration in surface 
runoff is about 1.3 gl-', without taking into account the channel erosion 
contribution. These preliminary results coulh be compared with those obtained 
by Callede (1974) who estimated a value of 1 g I-' in the Sarki Basin (Republic 
of Central Africa). It may also be compared with those obtained by Etchanchu 
and Probst (1986) who estimated, after correction for channel erosion, a value 
of 1.02 gl-' in an agricultural basin of southwestern France, whereas, Probst 
(1983) and Probst and Bazerbachi (1986) calculated a concentration of 0.5 g1-l. 
in the upstream part or the Garonne Basin, without taking into account large 
storm events and without correction for channel erosion. 

Estimation of the relative contribution of channel erosion 

Stream channel erosion has been defined as the sediment detachment of the 
bed and the stream channel banks, caused by flowing water (White, 1982). Few 
investigations have been devoted to this subject (Leopold et al., 1964; Duysings, 
1978; Dickinson and Scott, 1979; Hooke, 1980; Buckhouse et al., 1981; and Guy, 
1981). The determination of the channel erosion from total river-suspended 
load is a very difficult task. In fact, channel erosion depends on several factors 
such as river-bed slope, flow velocity, bank vegetation, and sediment particle 
size. All of these factors complicate the determination of stream bank erosion 
(Robinson, 1977). 

TABLE 6 

Volumes (V, 109m3) of total and surface runoff Aows and suspended concentrations (C, mgl -') in 
the total and surface runoff flows (ex and r are respectively total and surface runoff) 

Years K x  

1979/80 156.6 9.480 0.948 1560 

1981182 175.0 13.380 1.472 1590 
1982183 148.9 9.553 1.528 930 
1983184 239.0 6.927 0.900 1650 
Average 185.0 10.403 1.456 1320 

1980/81 207.8 12.677 2.409 1090 
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In' this study, the relative contribution .of channel erosion has been esti- 

(1) The first is based on the plotlof the monthly suspended load versus the 
mean monthly discharge during five water years: As seen in Fig. 7, two periods 
can easily be distinguished i n ,  this relationship, according to the river dis- 
charge. During the high-flow period, the increase of monthly suspended load is 
more rapid when the mean monthly discharge increases, than during the 
low-flow period. The equations of these two relationships are as follows: 

high flow: T, = 38.115Qi:231, with r = 0.971 

, ,  *. , .  

mated using two simple methods: [i 

(8) 

(9) 
. ,. .. . 

',!:I low flow: T, i = 43.824"Q:~?"~ with r = 0.973 . 

pended load in ,$oris 'aqd Q,, is the, mean monthly 

arge is mainly supplied by the 
groundwater flows and we can consider that the river-suspended loads mainly 
originated from reworking of bed sediment and bank erosion. Whereas, during 
high flow, the river discharge is supplied both by groundwater and surface 
runoff. Then the river-suspended sediment loads are produced both by slope 
and channel erosion. 

The annual contribution of channel erosion may be estimated by extrapola- 
tion of eqn. (9) to the high-flow period. The results of these first estimates are 

. :  . . .  . . .  . , I  . l , ~ , j ~ ~ \ f i ~  ' . I .: 

) '  , 

. . \  
. ' .  . , , i . ,  , , 

, ,  .: . .  ., . ,\,,', '. ',,.' . .' :, . 
I .  

, _  
ti'. 

'. . 

1 ' 
1 , 10 1 O' lo" 1 t  

MEAN MONTHLY DISCHARGE (m3/s) 

Fig. 7. Relationships between total monthly suspended loads and mean monthly discharges for five 
water years. 
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given in Table 7 and Fig. 8 for each water year. The channel erosion represents 
only 13-22% of the total river-suspended loads. 

(2) The second method is based on the plot (Fig. 8) of the mechanical erosion 
(E,) versus. the annual surface runoff volume (V,). For five water years, the 
equation of this relationship is linear: 

E, = 3.17V, + 4.14 (10) 
When the volume of the surface runoff is equal to zero, we can consider that 

there is no slope erosion. Then the intercept of eqn. (10) may be viewed as 
representing the sediment loads produced by channel erosion. For the five 
water years, the mean annual contribution of channel erosion (4.14 tons 
km-2yr-') represents about 47% of the mean annual river-suspended sediment 
load (8.75 tons km-'yr-'). 

The results obtained by the two methods are very different and the channel 
erosion contribution estimated by the second method seems to be over- 
evaluated. We have reported in Table 8 some estimates of the channel erosion 

4 

TABLE I 

Relative contribution of the channel erosion to the total sediment load in  the Senegal River (in %), 
and corrected values of the suspended sediment concentrations in the surface runoff 

Years Total suspended load Channel erosion Concentration in surface 
tons runoff (mg1-') 

tons % 

1979/80 1484824 
1980/81 2 6 3 4 5 6 3 
1981/82 2340000 
1982/83 1422400 
1983/84 1656000 
Average 1907557 

311725 21 1228 
430946 16 915 
455444 20 1284 
314258 22 725 
219193 13 1593 
346313 19 1100 

Er.3.17 Vr +4SL I l- 
0;s 1 1.5 2 2.5 

Vr.109 ($1 

Fig. 8. Relationship between the mean mechanical erosion rate (specific transport) and the surface 
runoff volume for five water years. 

. .,i! 

I 
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TABLE 8 

Relative contributions of the channel erosion to the tdtal sediment load for some rivers (%) 

Major land resource area Channel erosion Source 

Southern Coastal Plain, U.S.A 
Highland Rim and Pennyroyal, U.S.A 
Cumberland Mountains, U S A  
Southern Piedmont, U S A  
Southern Mississippi Valley Loess, U.S.A 
Alabama-Mississippi Blackland Prairie, U S A  
Sand Mountain Area, U.S.A 
Southern Appalachian Ridges and Valleys, U.S.A 
Bleu Ridge, U.S.A 
U.S.A, rivers 
Forest streams, Luxembourg 
Girou River, southwest France 
Senegal River 

0-30 
0-1 
O 
0-34 

16-23 
0-23 
O 
0-1 
1-14 

24 
53 
30 
13-22 

Source: (1) Roehl (1962), quoted by Gregory and Walling (1973); (2) Robinson (1977); (3) Duysings 
(1985); (4) Etchanchu and Probst (1986); and (5) this study (first method). 

contribution given by different authors. As seen in this table, the result ob- 
tained for the Senegal River by the first method is comparable to those esti- 
mated by Roehl (1962) and Robinson (1977) for some U.S.A. rivers, and by 
Etchanchu and Probst (1986) for the Girou River in southwestern France. 
Whereas, for two U.S.A. drainage basins (Brandywine Creek in Pennsylvania 
and Rio Puerco in New Mexico), Leopold et al. (1964) have shown that 50% of 
the suspended sediment is removed from the basins by low and moderate flows, 
which mainly correspond to the channel erosion processes. These percentages 
are comparable to those estimated by Duysings (1985) for some forest streams 
in Luxembourg. 

As discussed above, the first calculations of suspended sediment" concentra- 
tion in surface runoff were made without taking into account the channel 
erosion. In fact, if we recalculate the concentration of suspended sediment in 
the surface runoff taking into account this contribution estimated using the 
first approach (Table 7), our estimate is reduced and tends to an average of 
1.lgI- ' .  This result is perfectly comparable with those obtained by Callede 
(1974) and Gac (1980) in Africa, and Etchanchu and Probst (1986) in Europe. All 

- of these estimates show that the suspended sediment concentration in surface 
runoff tends to a value of 1 g 1-l. 

CONCLUSION 

The studied period is included in the last drought event and the deficit of the 
mean annual runoff reaches 54% of the mean long-term module. The amount 
of suspended sediment exported by the Senegal River averages 8.7 tons 
km-'yr-'. The consistent below-normal precipitation would tend toward lower 
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sediment concentrations and total loads than one might have expected under 
normal or average conditions of slope erosion. The seasonal variations show 
that the river-suspended sediment concentration reaches its maximum before 
the peak river discharge. This lag may be characterized by a cyclical relation- 
ship between' discharge and .concentration. Three periods which correspond to 
three predominant processes, can be distinguished in this cycle: erosion, trans- 
port and sedimentation. 

Surface runoff, estimated using a hydrograph separation method, represents 
on average only 1% of the annual amount of precipitation and 14% of the 
annual river flow. This estimate is comparable to surface runoff measurements 
in these African tropical regions. Whereas the annual river particulate loads 
are closely related to the annual vplume of the surface runoff and the contribu- 
tion of slope erosion processes represents 5 0 4 0 %  of the total river-suspended 
sediment transport, according to the method of estimation. The second contri- 
bution is carried by channel erosion, which represents a t  least 20% of the total 
river transport. This percentage is perfectly compatible with those obtained for 
some American and European rivers. 

After correction for the sediment load produced by channel erosion, the 
mean yearly suspended sediment concentration in the surface runoff has been 
estimated to 1.1 g 1-'. This result tends to the value calculated for other African 
and European river basins: 1 g 1-'. 

Finally, the first contribution to the river-susppded sediment transport is 
carried by slope erosion and surface runoff. The initial concentration (1 g 1-I) 
in surface runoff is diluted in the Senegal River water by subsurface and 
groundwater discharges. Then the river-suspended sediment load is increased 
by the channel erosion contribution and more particularly by reworking of 
stream bed sediment during the first flows. This second contribution seems to 
be more important during the rising limb of the annual hydrograph and 
produces the maximum concentration in river water before the peak discharge. 
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