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Th~ough this p~oject, 
obse~vation system which would 
g~oundwate~ table in ~elation 
Senegal Rive~ valley (dams and 

2 

DMVS aimed to acqui~e a hyd~ogeclogical 
pe~mit it to monitor the evolution of the upper 
to current and future development works in the 
irrigated perimeters). 

Analysis of the collected data should permit the study of: 

a) the impact of the Diama and Manantali dams on the aquifers in 
contact with the ~iver bed, 

b) the rise of saline groundwater within the irrigated perimeters, 
especially dc:wlstream of Podor, 

c) the natural recharge of alluvial aquifers and deep aquifers 
underlying the Senegal River valley, 

d) g~oundwater contamination mechanisms related to the use of 
fe~tilize~s and pesticides, 

e) the hydrogeological potential of the different aquifers with 
~espect to agricultural development. 

1.3 Report authors 

This report, available in F~ench and English, was written by Mr. Denis 
Richard, consulting engineer (ISTI), in collaboration with Mr. E. Weiss, USGS 
expert, following systematic utilization of the GES data base (a major project 
output) and G~oundwater software in addition to many related computer software 
tools (WP5, Lotus, Surfer, Grapher and others). Mr. Weiss contributed 
especially with the writing of chapters 6.4 (completely), 7.2.1 and 7.2.2. 

Mr. Thomas Piekutowski, independent consultant under contract to USAID, 
wrote annexes #10 and #11. Annex #10 treats monthly average climatic 
parameters (4 year period: 1986-1989), and annex #11 presents monthly ave~age 
hydrological data for the delta for the same period. 

1.4 Project contributors 

The production of this report, covering the Senegal River delta 
was made possible through the efforts of all the persans involved 
project, among whom: 

regiCJrJ, 
wi th the 

* the local sector office personnel (M~. L. Sangare, St. Louis, Senegal 
sector- chief, Mr-. A. Ndiayes, Rosso, Mauritanià sector chief, and Mr-. 
Taure, Manantali, Mali sector chief) responsible for the collection and 
pre-analyses of field data, 

* the local centr·al office personnel (Mr. O. Ngom, p~oject chief, Ndar 
Toute, St. Louis), responsible for coo~dination of the field activities 
of each sector office. 

This project, implemented by DMVS/DIR (Dépa~tement des Infrastructures 
Régionales), benefi tted from the support of technical assistance; Jong-term 
( ISTI) and sho~t-term (USGS, BRGM et II\FrnMISSION). 

In arder to attain project goals, ISTI provided project management 
assistance to DMVS by assigning a consulting engineer, Mr. D. Richard, to work 
with the Groundwater Monitoring U1it (PES) project chief. 



• 

INFORMISSION, a subcontractor 
development and installation of the 
contributions oi comr:uter special ists, 
M. Migneaul t. 

3 

to ISTI, was responsible for the 
comr:uter data base (GES) through the 
Mr. M. Fortin, Mr. L. Brunelle and Mr. 

BRGM (Mr. M. Vandenbeusch, hydrogeologist) and USG5 (Mr. E. Bolke, 
hydrogeologist, Mr. R. Hollway, comr:uter specialist in hydrogeological 
applications, and Mr. E. Weiss, hydrogeological modelling specialist), 
participated in orienting the data interpretation and revising objective 1). 

1. 5 Diverse 

This synthesis report, describing the hydrogeological setting of the 
delta, makes extensive use of maps produced through cartographie treatment of 
the data. All of the maps presented in this report, and many others, can be 
easily consulted and printed with the GES system. In the report text, the 
reader will find the names of computer files (in parentheses) next to the map 
titles. These files, each corresponding to one map, will permit the maps to 
be viewed in color on the comr:uter screen, and printed • 
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2 DEL TA - EM!IRCN"ENTAL ~ACTERISTICS 

2.1 Generalities 

The Senegal River delta is a geographie ent~ty of triangular form, whose 
apex is located at Richard Toll, a town about a t-undred kilometers from the 
seacoast, and whose base stretches north along the coast for more than 100 km 
from the river's mouth. The sides of the triangle are defined by the 
Ouallo/Dieri limits. Ouallo is a local term for the river valley (floocplain) 
as opposed to Dieri, another local term, for the semi-desert zone on the 
Ouallo's Northern and Southern borders. The Ouallo/Dieri limits used here are 
those established by the S.E.D.A.G.R.I. pedological study (1973). 

The Evaluation and Planning Unit of the a1VS (Cellule d'Evaluation et de 
Planification Continue), proposed geographical de/imitations for the valley in 
September 1988, which were adopted by the project • 

The Senegal River del ta ex tends from the Atlantic seacoast to the 
junctioo of the Taouey canal and the Senegal River (PK 143). 

PK signifies "point kilorrétrique" measured along the Senegal River. The 
starting pointis the central pillar of Faidherbe bridge (PK OJ, in St Louis. 

The surface area of the delta as described by these limits is 4343 km2 
This area includes that of Lac de Guiers. The surface area of Lac df Guierst 
changes as a function of fts water level. It varies from 175 km (water 
level = 0.0 m ASL ta 275 km (water leve]= 1.8 m ASL). 

The delta region is located betweer latitudes 15° et 16° north. 

2.2 Physical geography 

2.2.1 Topography 

Topographie maps at 1/50,000, indicating terrain contours (ASL), do not 
exist for the entire delta. The amplitude of the delta's relief i~ measured 
in meters and more generally centimeters. 

The topographie characteristics of the Senegal River delta (Ouallo) have 
been reconstituted from geostatistical calculations (Inverse Distance- 10 
closest points) based on the digitized data from 12,656 elevations (ASL) 
within the Ouallo- flooeplain. 

The sources of topographie information used for this compilation were 
numerous and of various types: topographie maps at 1:50,000 partially 
incomplete, photogrammetrie compilations (EIRA mosaics at 1:50,000) produced 
from aerial photographs, and topographie measurements, of sorne areas, taken 
during construction of irrigated perimeters in the delta. 

The reader may refer to map #1 "Ouallo topography (m ASL) (dlt_top)" 
which follows. This map also indicates the location of the a1VS piezometrie 
observation network points (wells= half-blackened squares, piezometers = 
blackened circles). 

1 Ref.: a1VS\CEPC, Sept. 1988, p.3. 

2 Ref.: CCX3ELS et al., 1982, p 46. 
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Contour line spacing is 3 meters and the first visible contour is the 
one at two (2) meters. Minimum and maximum values are from -1 to 10 meters. 
The distribution of hypsometrie plane surface areas by GN (ASL) elevation 
classes, for the entire delta (Mauritanian and Senegalese) is: 

ELEV. ~~ ï. 
ASL TOTFL AREA 

<10 4343.8 100.00% 
<B 4325.6 99. 58"/. 
<5 4172.5 96.06% 
<3 3754.5 86.43% 
(2 3206.9 73.83ï. 
<1 1668.0 38.40% 

<.5 426.9 9.83% 
<O 26.5 0.61% 

The surface area of the Mauritanian delta is 1664 km2 and that of the 
Senegalese delta is 2679 km • 

The relief is extremely flat, genera!ly below 2.0 meters in elevation 
(73.83% of the surface area of the delta is below 2 meters), especially in the 
central part of the delta. The most notable elevations are associated: 

* with the toundous- a local term for the ancient dunes originating 
from Ogolian sediments. These topographie forms are identified by the 2 
meter contour !ines. These dunes are aligned in a North-SoJth direction 
on each side of Diama dam and Mbell dike and in a N.E.-5.0. direction 
between the Lampsar swamp and the Ouallo/Dieri boundary, 

* with the recent coastal dunes which can sometimes attain 15 meters in 
elevation. 

ln the Dieri, ASL elevations vary between 5 and 15 meters. In any case 
the relief is insufficiently known and, consequently, non-digitized. 

lt should be recognized that this topographie map has been prepared to 
meet the project's hydrogeological needs, not those of delta developers. 

2.2.2 Hydrographie network 

The bed of the Senegal River is wide in the del ta region (up ta BOO m), 
even during the dry season, and quite deep (16 meters in places, see annex 1). 
The network of watercourses is spatially fixed (no lateral displacement 
observed) and the rater surface, from Richard Toll ta the river's mouth has a 
slope of 0,6 cm/km . 

The Senegal River has many connected watercourses in the delta: 

*on the right bank, the Ndiadier, the Mbell, the Gouere, the Garak, 

* on the left bank, the Djoudj, the Gorom, the D)euss, the Lampsar. 

Before the development 
these sloughs were branches of 
floodwater and slowly emptied 
water bocies dropped following 

of a s...1r-face water- management system, all of 
the river, i.e., they filled with the river's 
as the leve! of the connected, unrestrained 

the ra1ny season. Uncontrolled, they dried up. 

J Ref.: P.N.U.D./F.A.O., 1977, p. 30. 
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Today, because of surface water control structures, most of these 
watercourses are, for at !east part of their length, permanent. These sloughs 
are used as natural irrigation and drainage canals. They are artificial!y 
maintained at sui table Jevels during the three "theoretical !y possible" ri ce 
production cycles: rainy season (hivernage - HIV) from July to October, cool 
dry season (contre saison froide - CSF) beginning SCJmE>tirne in October, and the 
hot dry season (contre saison chaude - CSC) beginning SCJmE>time between mid 
February and mid March . 

2.3 Agricultural development- current and planned 

Because of annual deposits of silt by the floodwater, the Senegal River 
del ta is a zone of high ag rieul tura! potential, as shawn by the current and 
planned agricultural developments. It is, by far, the most developed of the 
agricultural regions of the valley. 

Agricultural development has accelerated since completion of the dams at 
Diama (Senegal River delta) and Manantali (Upper Basin). These dams entered 
service in November 1986 (Diama) and July 1987 (Manantali). The joint 
operation of these dams increases the agricultural potential of Ouallo land by 
regularizing the natufal flood (Manantali dam) and by impeding the annual 
influx of saline water (Diama dam). 

The usable agricultural land area (superficie agricole utile- SAUJ5 of 
the del ta is between 33,800 ha and 134,384 ha. The lower limit was determin~ 
by a topographie and geomorphological ,analysis of the delta (CHAUMENY, 1972) 
and the upper limit by a 7pedological analysis of the delta's agricultural 
soils (S.E.D.A.G.R.I. 1973) • 

(SAU) is the cultivable land area. It is calculated by subtracting non 
cultivable land areas from the total land area (surface brute- SB): 

* protected forests and reserves, * water bodies (permanent swamps and watercourses), * towns, villages, roadways, CO'MlUnication and power !ines, * non cultivable areas because of poor soi! or land quality (pedological 
or geological), Jack of drainage, relief, salinity, etc,. 

4 See GAC et al., 1986. 

5 Ref.: PES, 1989. 

b Ref.: P.N.U.D.\F.A.O., 1977, table 6, P. 253, Delta: non saline and easily 
desalinated. 

7 Ref.: P.N.U.D.\F.A.O., 1977, table 4, p. 250 and p. 21. SAU =total land 
area for land use classes 1, 1R, 2, and 2R (classes 6 and 6R excluded). 
Planirnetry perfor-med by the St. Louis sec tor chief. The land use classes are 
defined as follows: 

CLASS 1 EASILY IRRIGABLE 
CLASS 2 : IRRIGABLE 
CLASS 1R SUITABLE FOR RICE 
CLASS 2R SUITABLE FOR RICE 
CLASS 6 f\0\1 IRRIGABLE (saline soi!) 
CLASS 6R f\0\1 IRRIGABLE (coarse texture, no drainage, irregular 
topography) • 
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Fo~ the ~eference yea~ 1987, the net developed, i~~igable land a~ea of 
the del ta (supe~ficies aménagées nettes i~~igables - SNI) totaled 20059 ha and 
the cultivated a~ea (supe~ficies cultivées - SC) totaled 10270 ha. In 
relation to the cultivated land area (SC), the ag~icultural potential of the 
delta was exploited to only 30.4ï. o~ 7.6ï., acco~ding to the limit used. 

(SNI) is the land area which could 
cul tivated. It is calculated by subtracting 
deve!oped land area (superficie ag~icole utile 
by const~uction and development wo~ks: dikes, 
roadways, th~eshing a~eas, buildings, etc .. 

effectively be irrigated and 
from the total agriculturally 
- SAU), the land areas occupied 
i~~igation and drainage canals, 

(SC) is the pa~t of the SNI actually cropped du~ing a given agricultural 
season. It is al ways Jess than or equal to the SNI and corresponds to 
developed areas effectively under cultivation for the season concerned. 

With respect to the delta's total geographie surface a~ea <f343 km2 l, 
the cropped area (SC) under irrigated rice cultivation (102.7 km in 1987) 
represented 2.36ï.. 

If we retai~ the upper limit for the cultivable land area (SAU) of the 
delta (1343.84 km - S.E.D.A.G.R.I.) and we suppose that al! of this potential 
area be i~rigated, then we can conclude that 30.9"1. of the geographie surface 
area of the delta would be under irrigation. 
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3 DELTA - HYDRALLIC IIIFRASTRLCTL..RE 

3.1 Dikes 

As part of its agricultural development, the delta's hydrau!ic network 
has greatly evolved since 1964, when the peripheral dike alc:ng the left bank 
of the Senegal River was completed. This dike allowed the p!anners and 
managers of agricultural development (left bank of the delta) ta begin large 
scale irrigated agriculture with a planned system of water supply and 
drainage. 

The equivalent dike on the right bank of the delta does not yet exist 
(March 1990), although work on it is under way. 

The emplacements of these dikes (LB = existing and RB = under 
construction) and the limi ts of the large irrigated perimeters are sl""lo.-.n on 
map 112 "Locations of large perimeters and dikes - right and left banks 
(dl t str)" (!ines parai lei to the river = dikes; shaded a reas = large 
irrigated perimeters). 

Since 1964, the left bank of the delta has been exempted from the annual 
cycle of floocing corresponding to the passage of the flooc and the rainy 
season. The dike has permitted agriculture in the delta ta develop from a 
stage of controlled submersion ta one of large scale irrigated agriculture 
with complete control of the water resource. 

In the absence of a dike on the right bank, the floocwater spill over 
annually there. The distribution of hypsometrie plane surface areas by ASL 
elevation classes, for the right bank of the delta, and the storage capacity 
in millions of cubic meters by class is: 

ELEV ~ it~ ASL 

<10 1664.0 NA 
<3 1348.5 NA 

<2.5 1220.3 1,287 
<2 995.7 776 

<1.5 676.2 385 
<1.25 534.5 257 

<1 385.0 152 
<.5 135.0 42 

Examination of Figure #1 shows that monthly average river levels have 
risen to and stayed at 1.25 meters, for periods of 3 to 6 months, depending on 
the yea~ concerned. Thi5 leve} corr~sponds to a maximum storage volume of 257 
millions cubic meters, if the time was sufficiently long to permit filling of 
the various sloughs to their storage capacities, and if the sloughs were 
hydraulically linked. 

3.2 Hydraulic control structures 

Water management warks (dams, roads, gated water control structures, 
etc.) located within the delta limits on the right and left banks are listed 
in table #1. Ma~y of these structures are located in the left bank dike at 
the mouths of watercourses and sloughs while others are installed along the 
watercourses. 
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Table #1 - Del ta - Left Bank (LB) and Right Bank (RB) - List of dams and gated 
structures already existing during the period 1986-1989. 

STRLCTL.ff NAM:: MTLJ--X 

344.2 
350.6 
356.4 
354.5 
361.3 
377.8 
385.7 
396.2 
396.2 
364.7 
382.4 
349.0 
350.9 
356.5 
360.5 
361.9 
364.9 
376.0 
389.1 
397.0 
408.8 
364.7 
425.8 

MTLJ--Y 1;.1'\ TERCŒ.RSE f'1ANClGED y /N 

LB PCNT BARRI'GO DE BI'N30 
LB BARRAGE DE DIAOJDCJIJ'1 
LB CUvRAGE J KELR i"1CJJ'11'fl SDW 
LB BARRAGE DE MAKI-V'WA 
LB Pa\IT BARRAGE DE ND I a_ 
LB PCNT BARRAGE DE ROSS BETH! 0 
LB CUvRAGE DE N' DCNJ 
LB OJvRAGE DE DIPMBAR 
LB OJvRAGE DE DIOVCL 
LB alvRAGE G OCRCl'1 
LB OJvRAGE W DE GAELA 
L +R Bi'I'<RAGE DE D 1 AMA 
RB DIGUETTE M'BELL 
LB OJvRAGE I 
LB OJvRAGE H DE TH!ENG 
LB CUv'RAGE F DU DJOUDJ 
LB CUvRAGE E DE DEBI 
LB CUvRAGE D - ILE AUX CAIMANS 
LB CUvRAGE C DE THIAO..INAR 
LB CUv'RAGE B DE. RCJ\ICQ 
LB OJvRAGE A DE THI PI3Fi'l 
LB CUv'RAGEDU~I®Iffi 
LB PONT ROUTE TPHJ...EY 

1777.9 L~ 
1776.7 N'GPLAM 
1792. 2 DJEUSS 
1781.3 L~ 
1787.0 L~ 
1800.2 L~ 
1813.7 L~/GœOM AM 
1816.6 GœOM AM 
1817.4 GœOM AM 
1810.0 GœDM AV 
1815.8 GœOM AV 
1794.1 FL. SENEGPL 
1808.0 M'BELL 
1797.4 
1804.3 
1815.2 DJOUDJ 
1823.0 
1826.9 DJOUDJ 
1821.5 
1821 • 6 GœOM AM. +LAI"P5AR 
1822.5 
1827.2 NDI®IER 
1820.7 TI'O-OEY 

SOURCE: SAED - Hydraulic Map (year unknown) 

y 
y 
N 
N 
y 
y 
N 
N 
N 
N 
N 
y 
N 
N 
N 
y 
y 
y 
N 
N 
N 
N 
y 

The locations of these hydraulic structures as well as those of 
raingauges, water leve! sc ales, and sorne to,ns are indicated on map 113 
"Locations of Hydraulic Structures, Raingauges, Water Level Scales 
(dl t_equi)", (black square ; dam or gated structure; dagger ; water leve! 
scale; triangle; raingauge; circle; town). 

The structures listed which were used during ~ perioc 1986-1989 are 
indicated by the letter Y in the colutrn "Managed Y/N" • All these structures 
were equipped (still are) with water leve! scales set to zero ASL, but few 
were observed except for the scales located up and downstream of Diama dam, 
the bridge-dam at Dakar Bango and the raad-bridge over the Tahouey. 

Brief descriptions of the operation of the structures which were used 
during the period follow. 

D!AMA DAM 

Diama Dam, completed in 1986, began 
Figure Ill indicates the annual water leve! 
During the period of piezometrie observation 
monthly average leve! upstream of Diama Dam 
figure Ill). 

functioning in November, 1986. 
variations upstream of the dam. 
by the project (1986-1989), the 
varied from -0.26 to 1.37 m (see 

8 Persona! comunication wi th Mr. J. Petolon, technical adviser to SAED. 
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COTES WATER LEVELS- 1986-1989 
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Figure 1 Delta - annual water level fluctuations 

Since that time the salt wedge, which had previously ascended the river 
during the dry season, has been halted. This is par tl y true inasrruchas the 
joint operation of the Diama and Manantali dams became possible in July, 1987, 
one year after Diama Dam entered service. The completion of the dams at 
different times forced Diama Dam managers to partially open the gates at the 
end of the '86-'87 dry season, allowing an entry of salt water. 

The level expected to be maintained upstream of Diama Dam, upon 
completion of the r-ight bank, will vary between 1.5 m and 2.5 m. These levels 
will create reservoir-s ~hat extend, r-espectively, East of Boghe (PK 395) o.­
East of Cas-cas (PK 442) • 

lt can be seen that water level variations at Rosso 
those at Diama, except during the flood (1988). These water­
are closely related to the management of Diama Dam during 
1986-July 1987, and to the joint management of Manantali and 
July 1987. 

are the same as 
level variations 
the period July 
Diama Dams after 

The fluctuations of the water level are artificial and partially 
control led by the manager-s of the CI'1VS corrvnon wor-ks (Diama and Manantali) in 
respD~se to agricultural needs and the requirements posed by construction of 
the dike on the r-ight bank. 

9 Ref.: GERSPfl 1983. 
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ROAD-ERIIŒ CNER Tl-E TI'HIEY 

The Tahouey canal, linking the ~ive~ and Lac de Guie~s (Lake) -a 
water reservoir for Dakar - and the Senegal River, is controlled by a 
structure, which is also a ~oad bridge in Richard Toll. 

fresh 
gated 

This is a gravity-fed structure. During passage of the floocwater, at 
the enJb of the ~ainy season, the gates are opened to allow filling of Lac de 
Guie~s . Besides this seasonal influx, the Lac de Guiers is very slightly 
recharged by rainfall and runoff but not at all by the groundwater since its 
leve] is always greater than the surrounding potentiometric surface. From now 
on, with Diama Dam and the discharges from Manantali Dam, it will be possible 
to till Lac de Guie~s by means of Tahouey canal even du~ing the pe~iod after 
the flooc. 

VAN\E MBELL Dl KE 

This structu~e was built as a temporary means, in the absence of a dike 
on the ~ight bank (under construction in late 1989), to keep water from 
flowing around Diama dam by way of Mbell slough during the dam' s construction. 
Upon completion of the ~ight bank dike, this structu~e will become useless 
since it is situated outside the reservoir as defined by the ~ight and left 
pe~iphe~al dikes. 

GATES D and E to DJClJDJ - NATICN'\L P~K 

This structu~e is located in the left bank and contrais the water leve! 
in the Djoudj swamp, essential for preser-vation of the park's bird population. 

NDIADIER GATED STRLCTLRE 

This structure was built during construction of Diama Dam and will be 
integ~ated into the right bank dike. lt will permit filling from Diama 
reservoir of the large Aftout-Es-Sahel depression (negative contours) which 
parallels the Mau ri tanian coast north of the del ta. Development of this 
depression (agriculture, aquifer recharge) has not yet begun. It will ~equire 
construction of N'Diadier canal. 

I30..NDCU'1 DAM (ClJvrage de N'Donq) 

This old structure separates the upstream and downstream portions of the 
Gorom slough and directs the water pumped at the Roncq station into Lampsar 
slough, whose middle portion is used as a natural irrigation canal for severa] 
ir~igated perimeters (Grande Digue Telle] Kassak and Lampsar) and whose 
downst~eam section 1s a natu~al fresh water reservoir for the city of St. 
Louis. 

Water levels in the middle sections 
the Ndiol and Ross Bethio bridge-dams. 
sections of the Lampsar are control led by 
dams. 

lO Ref.: ISE - 1983. 

of Lampsar slough are controlled by 
Water levels in the downst~eam 

the Dakar Bango and Ndiol bridge-
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3.3 Current irrigation systems 

In the left bank of the del ta, SI"Eo11 manages the utilization of many 
irrigated perimeters (Débi, Boundoum, Gtfnde Digue-Tellel-Kassak Nord and Sud, 
Thiawr, Bal ky, Sousse, Dombo). sa:AS operates the per,4imeter at Savoigne, 
ISRA , has an experimental perime ter at N'Diol, and CSS", opera tes the sugar 
plantation at Richard Toll. This plantation exterds beyond the limits of the 
delta. 

In the left bank of the del ta, ~5 manages the Chinese pel'imeter 
at M'Pourié, near Rosso. 

A large number of small, village-operated irrigated perimeters 
(périmètres irrigués villageois PIV) are associated with the large 
perimeters on bath banks of the river. Many have beer established recertly, 
following inauguration of Diama Dam in November, 1986, and most benefit from 
the water supply systems managed by the large operators: SI"ED (Sénégal), 
50\IAŒR (RIM) and agl'ibusinesses (Sénégal). 

Table #2 lists the large perimeters which constitute the principal water 
supply systems, identifies their main pumping station and the destination of 
their drainage water. 

Table 12: DELTA - LARGE IRRISATED PERI~ETERS (SAED, SONADER, PRIVATE) 

OPER. ~AIN PUKPINS NA TER PERIKETERS NOKINAL DRAINAGE 
ORSAN. STATION SOURCE SERVED LAND AREA NA TER 

HECTARES DESTINATION 

SAED RONCB RIVER 13 CUVETTES LAKPSAR 2500 NOAR + KANKRAYE 
SAED RONCB RIVER SOCAS, ISRA PARDI AGNE 
SAED RONCB RIVER GRANDE DIGUE TELLEL 2175 N'DIAEL 
SAED RONCB RIVER KASSAK SUD 527 N'D!AEL 
SAED RONCB RIVER KASSAK NORD BOO N'DIAEL 
SAED THIAGAR RIVER THIAGAR 1900 DIOYOL 
SAED THJAOUWAR RIVER BOUNDOUK 3200 LONER 60ROK 
SAED DE BI RIVER DEBI 1500 RIVER 
SAED GROUPE ~OTO POKPE TAHOUEY NDOKBO 300 OLD TAHOUEY 
SAED GROUPE "OTO POKPE TAHOUEY THIAGO 500 OLD TAHOUEY 
PRIVA TE css RIVER CSS, BALKY, SOUSSE 7500 DIOVOL/LAC GUIERS 
SONADER KPOURIE RIVER KPOURIE 1216 RIVER 

The water is currertly supplied to the large per imeters16 in sever a 1 
different ways: 

11 SAED: Société d'Aménagement et d'Exploitation des terres du Delta, de la 
vallée du Sénégal et de la Falémé. 

12 SOCAS: Société de Commercialisation Agricole du Sénégal. 

13 ISRA: lnsti tut Sénégalais de Recherche Agricole. 

14 CSS: Compagnie Sucrière du Sénégal. 

15 SCN<\DER: Société Nationale d ·Equipement Rural. 

16 Ref.: ŒRSPR CACG, El.RŒXJilSLL T, SIR I'LEXPNDER GIBB & P~TIIERS, SCJ\ED­
AFRIOUE, Plan Directeur de la rive gauche, draft, June 1989, p. 6 and 57. 
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* perimeters along the Tah:uey canal and 
from these sa..Jrces, 

Lac de Guiers; direct pumping 

* perimeters along the river; gravity 
structures during the rainy season, and by 
during the dry season, 

flow through water control 
direct pumping from the river 

* Djoudj Park; gravity flow during the rainy season, 

* along the Gorom/Lampsar slough; by pumping from 
itself filled by gravity flow during the rainy 
during the dry season (Roncq pumping station). 

this channel which is 
season and by pump>ng 

The current drainage systems into the depressions and swamps function by 
gravity and pumping. 

All the perimeters - large and small (PlV) - are inventoried yearly by 
the OMVS Evaluation and Planning Unit (CEPC). This inventory permits the 
annua! and seasonal determination of the cultivated land area (SC). The 
situation for the reference year 1987 is given in section 2.3. 

3.4 Sections and sub-sections of the delta watercourses 

Management of the surface waters by means of control structures (see 
section 3.2) cuts the del ta watercourse netwcrk into the sections and sub­
sections described in table #3. 

Each of the sections has its own hydraulic conditions. Characteristic 
dry and rainy season conditions, in the zones for which water leve! data has 
been recorded, are descr-ibed in annex 2 for the period 1987 to 1989. The 
periods chosen for each of the seasons on the hydrogeological maps are: 

*dry season (end of the dry season): from May 15 to July 15 * rainy season: from August 15 to Ck:tober 15 

Characteristic rainy season conditions in the zones for which no water 
leve! data exists (!ower Gorom and the Lampsar), will be deduced: 

* the Lampsar; from a treoretiiif'l17 graph and from field measurements 
for the dry season, (March 1900) . 

* the Jower Gorom; 
2/20/81. 

from field measurements1~ made between 10/15/80 and 

This sectioning allows the hydrogeologist to analyze shallow water table 
piezometrie variations in relation to surface water conditions. The surface 
waters are affected by management of the delta water supply infrastructure and 
vary with the agricultural seasons and climatic conditions. 

l7 Ref.: EE~, El.RCCONSLLT, SIR ALEXANDER GIBB, 50\ED-I'FRIClt.E, June 1989, 
figure 2.6, p. 43. 

18 Ref.: same document, p. 6. 

19 Ref.: SAED, 1980. 



• 

Table #3: Del ta waterccurse network - Secticr1s and sub--secticr1s 

# ZCf\ES 

1 ATUWT I C 

2 LAC DE GUIERS 

3 LOJ.E:R DJEUSS 
LOJ.E:R LAI'PSAR 

4MIDDLELAI'PSAR 

6 DJCXJDJ 

7 DIAMA RESERVOIR 
ROSSO 
LPPER MBELL 

RE~KS 

SEI'COAST 

VARIABLE WATER LEVEL 
DI.J'< I 1\13 H-E YEAR 
FILLED TI-Rll3H TPHJ...EY CANAL 
FRESH WATER RESERVOIR 
Fœ TI-E CITY CF DAKAR 

VARIABLE WATER LEVEL 
DI.J'<Ii\13 Tf-E YEAR 
FILLED BY RCIICQ STAT![J\J 
A'\ID Œ'EN Ii\13 CF n-E 
DAKAR J3(J\ff) BRIDGE-M'! 
ZCf\E DEFINED BY 
KELR I"''1AR SON 
aNTRCL STRLCTLRE, 
80\130 BRIDGE-M'!, 
NDIOL BRIDGE-M'! 

VARIABLE WATER LEVH_ 
DLRI!\13 TI-E YEAR 
FILLED BY RONCQ STATI[J\J 
A'\ID Œ'EN Ii\13 OF n-E 
ROSS BETHIO BRIDGE-M'! 
ZCf\E DEFINED BY 
NDIOL BRIDGE-M'!, 
NIX]\D C[J\JlRQL STRLCTLRE 

VARIABLE WATER LEVEL 
Dl.Rli\13 TI-E YEAR 
FILLED TI-Rll3H GAELA 
STRLCTLRE , AFTER I30J\/DCU"1 
PERII"ETER DRAINAGE 
ZCf\E DEFINED BY G STRL.CTLRE 
(LEFT M\IK DIKE) IWD NIX]\D 
STRLCTLRE 

VARIABLE WATER LEVEL 
DI.J'< Ii\13 TI-E YEAR 
GRAVITY FILLED THROUGH 
D A'\ID E C[J\JTROL STRLCTLRES 
ZCf\E DEFINED BY TI-E DJCXJDJ 
IWD ITS TRI BUT AR !ES 

VARIABLE WATER LEVEL 
BY HYDRALL l C MANAGEI"ENT 
CF D J AMA AND MI'4IJIWT AL I DAMS 
ZCf\E DEFINED BY DIAMA DAM, 
PK 143, MBELL C[J\JTROL STRLCTLRE 

8 DIA~'~'\ [)(),>,.NSTREAM VARIABLE WATER LEVEL 
Lf'PER MBELL INFLLEI\ŒD BY TIDE 

ZONE DEFINED BY DIAMA DAM, 
MBELL C[J\JlRQL STRLCTLRE 
( I:X::W\ISTREAM PART ) 

= 0 M ASL 

WATER LEVEL SCALES 
SANENTE, GNI TH, 
RID-iARD TOLL 

WATER LEVH_ SCALE 
DAKAR M\IGO 

NONE, DEIJLCT![J\J FROM 
"SCI-EMA DIRECTELR DL DEL TA 
IWNEX C, 
SCI-EMA HYDRALL Ia..E 
JLJ\E 89" 

NONE, DEDLCT!(J\J FROM 
INTERNAL SAED DCCU"ENT 
"a..ELQ...ES OBSERVATIONS 5LR LA 
FLLCTLJAT!(J\J DL NIVEAU D'EAL 
DANS LE GCROM AVAL 
CAI'PAGNE 1980/1981" 

NAT![J\JAL PARK 

WATER LEVEL SCALES 
DIAMA RESERVOIR + ROSSO 

14 
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3.5 OMVS piezometrie network 

Within the delta limits, the Groundwater Monitoring Project was 
responsible for the construction of a piezometrie network of 252 piezometers. 
The delta part of the entire OMVS network totals 306 observation points of 
which 54 are village wells and 252 are piezometers. The map #4 "OMVS 
piezometrie network, locations of wells and piezometers (dlt_a_b)" indicates 
the distributior of wells and piezometers (black circle = piezometer; half­
blackened scuare =village wei!). 

The - 1 ines on 
piezometers transverse to 
irrigated perimeters, and 
annexes 8 and 9). 

this map, coded "L (number)", indicate !ines of 
the Senegal River and/or within the limits of large 
for which piezometrie profiles have been traced (see 

The OMVS piezometrie network, irregu!arly distributed in the delta, 
permits hydrogeological observations to be made at local and regional scales. 
I t contains: * 26 village wells on the Jeft bank and 28 or the right bank, 

* 173 piezometers on the left bank and 79 on the right bank. 

The wells are genera!Jy Jocated at the Ouallo/Dieri limits. More~than 
one fourth of the works (wells + piezometers) are within 500 meters of 
permanent watercourses (see section 2.2.2 of this report), likely to influence 
the groundwater resource. 

The piezometrie network p!azrment criteria were def1ned in the Terms of 
Reference of the project document • 

In general terms, these criteria are: 

1) one piezometer/100 ha within the confines of the large 
irrigated perimeters (short piezometers). 

2) 10 pre-selected piezometrie 
transverse to the Senegal River 
piezometers) . 

profiles (kilometric scale) 
valley (short, medium and deep 

3) approximate density of one piezometer/100 k~ 
and deep piezometers). 

(short, medium 

4) sorne piezometrie 
river in the zcne 
piezometers) • 

profiles (metric scale) 
influenced by Diama Dam 

transverse to the 
(short and medium 

5) one piezometer per d1stinct geolog1cal formation, according to 
the probable shape of deep under-!ying aquifers. 

Point #5 allowed 
piezometers at the same 
geological target. 

for the construction of 
geographie site, each 

~ See annex #3, figure #3. 

21 AID, 1983. 

two and 
installed 

sometimes three 
in a different 
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4 DEL TA - I'OJIFER D-mACTERISTICS 

4.1 A p~io~i desc~iption 

Within the confines of the delta, the p~oject performed 6 pumping tests 
in unconsolidated, sedifrenta~y te~~ain (see the locations map #12 following 
page 28). 

The pumping test sites have ve~y simila~ aquifer formations. They are 
schematically described as follows: 

0 --------------

ll~lilllilllllll~: 
AQLJIFER I 

AQLJIFER II 

40/50 rn -------

su~face layers are a combination of ho~izontal 
st~ata composed of silt and clay, sometimes 
fine sand71 belonging to Recent/Sub--recent 
sediments-. Togethe~, these strata form 
the semi-pe~meable layer #1. 

~elatively homogenous aquifer, made of fine sands. 
These sediments are usually Nouakchottian 
deposits, and, sometimes, upper Inchirian sediments. 

heterogenous aquife~ composed of fine to medium 
g~ained sands with a significant silt content. 
These sediments a~e located in the Inchirian 
sediments. 

The geog~aphic dist~ibution of the pumping test sites within the 
confines of the delta and the geometrie simila~ity of the aquifer formations 
examined (on a local scale) inter that similar aquifer formations underli~ the 
enti~e delta (regional scale). 

The st~uctu~al description presented above, wit~t the description of 
the geologie fo~mations, was also noted in the Audibert report conclusions. 

The sediments of semi-pe~meable laye~ #1 (clay and/or silt) were 
desc~ibed in detail 1n the P.N.U.DIF.A.O. (1977) pedological and 
geomo~phological study. Local te~ms for the vari':"21r sail types (textu~al 
distinctions) based p~incipally on clay content , a~e: Hollalde, Faux 
Hollalde and Fonde. 

I-O..LALDE 
FAUX I-O..LALDE 
FONDE 

55 ï. < ï. CLAY 
30 ï. < ï. CLAY < 55% 
ï. CLAY < 30% 

~The reade~ will find, in annex 3, detailed geological desc~iptions, and 
accompanying maps, of the st~atig~aphic series encountered in the delta. 

n Ref.: Audibert, 1970, document II, p. 31. 

24 P.N.U.D./F.A.O., 1977, p. 265, table 19. 
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Lateral extensions of aquifer I, including the semi-permeable layer #l, 
are limi ted: 

* to the North and South by the Ouallo/Dieri limits (see section 2.1 of 
this report), which define the delta floodplain, 

* to the West, by the seacoast, 

* to the East, by the delta limits. These formations continue Eastward 
beyond the del ta l imi ts, 

Lateral extensions of aquifer II, including the interlaminate, semi­
permeable layer II are limited: 

* to the East, by the geologie~ boundary proposed by Audibert~ and 
structurally confirmed by the DHE • 

* to the North and the South, by the limits of the maps produced here. 
These formations extend beyond the map borders. 

4.2 Geostatistical description 

The vertical and horizontal geological heterogeneity indicated in all 
the data collected by the Groundwater Project, as well as that included in the 
Audibert report, makes the task of describing the geometry of the aqui fer very 
difficult on a regional scale (delta). In the effort to make such a 
description, the project used a geostatistical approach (Kriging) based on the 
theory.,pf regional variables. The calculations were made with the help of 
~' computer software. 

The following premises were associated with the geostatistical approach: 

1) semi-permeable layers #1 and #2 are defined, first of all, 
granulanetricaly, as contiguous, juxtaposed stratigraphie horizons 
composed of silts and/or clays. In ether words, if two or more 
successive stratigraphie horizons are each classified as being composed 
dominantly of clays and/or silts, then the stratigraphie combination 
constitutes one unique hydrogeological semi-permeable layer. 

2) semi-permeable layers #1 and #2 are, thereafter, defined geologically 
in relation to stratigraphie series (see section 4.1 and annex 3 of this 
report). If depths to the upper surfaces of each of the stratigraphie 
series in the del ta are known, then the maxirrum and minirrum elevations 
(ASL) of the semi-permeable layers #1 and #2 can, hypothetically, be 
determined. These elevations will be established in sections 4.2.1 and 
4.2.2 for each of the semi-permeable layers concerned. 

4.2.1 Semi-permeable layer #1 (clay and/or silt) 

Within the bounds of the delta 
229 boreholes ( project + Audibert, 
existence or absence of semi-permeable 

(seacoast and Ouallo/Dieri boundaries), 
1970) provide information about the 
layer #1. 

~Ref.: Audibert, 1970, document II, plate 2. 

U Ref.: DHE, 1985, plate 3. 

'li Ref.: Golden Software Inc., SlRFER - version 4, p. 3-26 and after. 
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Semi-penneable layer 111, composed of clay and/or silt, is identified 
with shallow recent sediments - Post-Nouakchottian or Actuel/Sub-Actuel. The 
deposition of these sediments is related to seasonal flood cycles (rainy 
season) and to geomorphological features existent at flood times. 
Hypothetically, the mininum eàfvation of the upper surface of semi-permeable 
layer ~1 is (ASL) -2.0 meters • Consequently, ail piezometers going through 
a first layer (clay and/or silt), of which the upper surface is situated at 
(ASL) elevation > or = -2.0 mE'ters, are considered to cross semi-permE'able 
layer ~1 . 

The histogram in figure 2 indicates the distribution of layer ~1 (clay 
and silt) thicknesses, within the limits of the delta, as described above. 

5EMI 

0.2-1 

o.aa-

0.2-

0.19-

o. '11!5- ~ 
~ 0.1 .... -

0.'12 

~ .. o.• t:: 
O.OIIill-

0,015 

0.01 -

0.02 v 
0 

Q • 

PERMEABLE LAYER #1 (NO PT5=229J 
DEL-T" REGION. DIS'TR. OF THiaa.ES&eS 

4 15 & '10 '12 ~ 16 1& 20 22 2"'1 26 2S 310: 32 

CLASS = 1 M CTH 1 CKNE:515;l 

Figure 2 Semi-permeable layer ~1: distribution of thicknesses 

The statistics 
composed of si 1 ts and 

concerning the thickness 
clays, are: 

of semi-permeable layer ~1, 

I\U'1. PTS. 
MIN. VPL. (m) 
M'lX. VPL. (rn) 
AVERAGE (m) 
sm. ocv. <ml 
I"'EDIAN VAL. ( m) 

229 
0.00 

31.17 
3.77 
5.38 
2.00 

19"/. of the piezometers do not cross the shallow semi -permeable 
Consequently, discontinuous zones can be expected and are indicated on 
"Semi-permeable layer ~1 (clay and/or silt - Probable Discontinuity 
(dlt_ag1d)". 

layer. 
map #6 

Zones 

The average thickness of layer #1 is on the arder of 3.77 meters and 
76.85% of the boreholes cross this layer. 

28 See annex 3, structure contour map of the upper surface of the 
Nouakchottian, corresponding to the base of the Actuel/Sub-Actuel sediments. 



19 

The median thickness of the layer is 2.0 meters. This thickness 
corresponds closely to the capacity of the recent sediments. The standard 
deviation indicates a wide range of thicknesses, up to the extreme value of 31 
meters. Great thicknesses of semi-permeable layer #1 (clay and/or silt) 
indicate the continuous accumulation of clay and silt strata from the 
Nouakchottian and Post-Nouakchottian stratigraphie series. Semi-permeab!e 
layer #1 (clay and/or silt) is thickest along the banks of the Senegal River 
and some of its branches. On the next page, the reader will find map #5 
''Semi-permeab!P layer #1 (clay and/or silt- isopachs (thickness) in meters 
(dlt_agle)". The contour Jine spacing is 4 meters. 

Statistical comparison of the field measurements (irregular grid of t~ 
Cl'1VS network) wi th thickness values extrapolated for regular gr id points 
(geostatistical calculations using the Kriging method) are: 

* on the average, 0.03 meters 
*standard deviation of 1.72 meters. 

The standard deviation is large and indicates that the thickness of 
semi-permeable layer #1 (clay and/or silt) can go to zero inside the 2 meter 
isopach line. The 2 meter line defines the zones of probable discontinuity in 
the upper impermeable layer. This conclusion is especial !y true when the ir 
are few data points. 

Probable discontinui ty zone #1 is located on the edge of the del ta, in 
the S.W. sector between the Lampsar watercourse and the Ouallo/Dieri limits, 
with a N.W. crescent connected to the seacoast. This zone includes the 
Birette and Nguinor Toundous composed of dune sand dating from the Ogolian. 
These sediments constituted areas not submerged during the Nouakchottian 
marine t~ansgression. 

Probable discontinuity zone #2 is located at the N.W. limit of the 
delta. 

Probable discontinuity zone #3 covers Djoudj National Park. Having no 
data points in its interior, this zone would seem to be of mathematical 
origin, developed durHcg thE' geo~tatistical treatment of the data. 

Probable discontinuity zone #4 covers part of the Boundoum irrigated 
perimeter. The large number of data points inside this perimeter and two 
geological sections (see annex 4C, figures CC062D and AA062D) shed light on 
the causes of the heterogenei ty of layer #1. Despi te the calculated 
probability of a discontinuity, the #1 impermeable layer was observed almost 
everywhere within the limits of th1s perimeter, except at the sites of 
piezometers GA0059 and GA0054. The discontinuity of this impermeable layer is 
related to the e~trerre granulometrie heter·ogenei ty of the Post-Nouakchottian 
sediments. 

Zone #5 straddles the Senegal River and covers part of the N'Thiagar 
irrigated perimeter, along a N.E. axis passing through the town of Rosso. 

29 Ref.: Golden Software, !ne., p. 8-40, applications of the SURFER, 
.,Residua 1 '1 function. 
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4.2.2 Semi-pe~meable laye~ #2 (clay and/o~ silt) 

Within tre confines of the delta, 45 boreholes (Groundwater project + 
Audibert, 1970) provide information on the existence and/or absence of semi­
permeable layer #2. 

Semi-permeable layer #2, composed of clay and/or silt, belongs to the 
base of the Nouakchottian sediments and/o~ the summit of the Inchi~ian 
sediments. Hypothetically, the maxirrum and minirrum elevations of the upper 
surface of semi-permeable layer #2 (clay and/or silt) are between -5.0 meters 
and -15 meters (ASL). These limiting values are based on the minimum and 
maximum elevations (ASL) of the upper surface of the Inchirian sediments. 
Determination of the geological contact elevation was made on the basis ~f 
data extracted f~om all Ue boreholes made within the confines of the delta • 

In consequence, all piezometers passing through a layer of clay and/or 
silt, of which the upper surface elevation is > or = -15 meters and < or = -5 
meters, are considered to cross semi-permeable layer #2. The histogram of 
figure 3 indicates the distribution of thicknesses of layer #2 (clay and/or 
silt} within the confines of the delta,·· as described above. 

SEM 1 PERMEABLE LAYER #2 (NO PTS=45::J 
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Figure 3 Semi-permeable layer #2: distribution of thicknesses 

The statistics concerning the thickness of semi-permeable layer #2,. 
composed of silts and clays are: 

i'U"'. PTS. 45 
MIN. VAL. (m) 0.00 
MAX. VAL. (ml 21.00 
AVERAGE (ml 5.40 
STD. DEV. (m) 5.24 
I"EDIAN VAL. (ml 3.00 

30 See annex #3, structure contour map of the upper surface of the Inchirian 
se-diments. 
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20ï. of the piezometers do not cross 
Ccrlsequently, semi-permeable layer #2 is probably 
probable discortinuity are shawn on map #8. 

semi -permeable 
discontinuo.Js. 

layer #2. 
The zones of 

The average thickness is about 5.4 meters. 

The median thickness is about 3 meters. The standard deviation (5.24 
meters) indicates a wide range of thicknesses for SE'mi-penneable layer #:'. 
The maximum thickness measured is 21 meters. The greatest thicknesses of 
SE'mi-permeable layer #2 (clay and/or silt) are Jocated along the banks of the 
Senegal River and sorne of its connected waterco..~rses. The reader will find, 
on the next page, map #7 "Semi-permeable layer #2 (clay and/or silt) 
Isopachs ( thicknesses) in meters (dlt_ag2e)". The isopach contour !ines are 
spaced .at 4 meters. The locations of the thickest layers of clays and silts 
coincide with the depressions in the upper surface of the Inchirian sediments 
(see annex #3, map "structure contour map of the upper surface of the 
Inchirian sediments") and also correspond to the current course of the Senegal 
River. 

The statistical comparison of the field measurements (irregular 
the OMVS network) with thosE' extrapclated for a set of regular grid 
(geostatistical calculations using the Kriging method) are: 

* on the average, 0.30 meters, * standard deviation of 1.23 meters. 

The standard deviation is large and indicates that the thickness of 
semi-permeable layer #2 (clay and/or silt) can go to zero inside the 1.5 meter 
isopach curve. The 2 meter curve indicates the zones of probable 
discontinuity of impermeable layer #2 (see map #8 "Semi-permeable layer #2 
(clay and/or si! t) - Probable discontinui ty zones ( dlt_ag2d) ") • 

There are two zones of probable discontinuity: 

Zone #1 is situated in 
Lac de Guiers. Sone smal 1 
stretch of the Senegal R1ver 

the North of the del ta and zone #2 to the west of 
discontinuity zones are located a!org the N-5 
up~tream of Diama Dam. 

Areas of superposition of zones of probable discontinuity of impermeable 
layers #1 and #2 are few and limited: 

1 ) to the North of the tc:w-1 of Keur Macène, 

2) N.W. of Lac de Guiers in the zone where Ancient and Middle Quaternary 
sediments are very shallow. 

4 .2.3 Aqui fer 

The characteristics of semi-permeable layers #1 and #2 (vertical 
position, thickness and discortinuity) reveal the existence of one single 
aquifer compartmentalized into two juxtaposed reservoirs: upper and lower. 
The upper compartment is confined or unconfined depending on whether semi­
permeable layer #1 (clay and/or silt) is continuous or not. The lower 
compartment is separated from the upper compartment by discortinuous, semi­
permeable layer #2 (clay and/or silt). The two reservoirs of the aquifer 
should be, consequently, hydraulically linked. At the same time, the lateral 

31 Ref.: Golden Software, Inc. , p. 8-40, applications of the SLRFER 
"Residual'• functiOf"''. 
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extension of semi-pe~meable laye~s #1 and #2 ~s significant within the 
confines of the delta. 

This schematic description of the aquifer modifies 
hypothesis of two distinct aquifers (see section 4.1). 

the initial 

Within the confines 
compa~tmentalized into two 
boundary. 

of the delta, the aquife~ situation is one aquiie~ 
juxtaposed ~eservoirs, linked ac~oss thei~ mutual 

Following this section, the ~eade~ will find map #9 "Aquifer 
st~uctu~al contours of the upper su~face (m ASL) (dlt_aqlt)". In the zones 
where semi-permeable laye~ #1 (clay and/or silt) exists, the uppe~ surface of 
the aqu~fe~ co~~esponds to the base of layer #1; in the zones whe~e sem~­
permeable laye~ #1 (clay and/o~ silt) is conside~ed to be p~obably 
discontinuous, the uppe~ surface of the r-eser-voir- corr-esponds to the 
topographie elevation of the piezometer site. 

The statistical comparison of the field measur-ements (ir-regular 
the O!'NS neh-1ork) wi th those extrapclated for- regular- g~id 
(geostatistical calculations using the Kriging method) are: 

* on the average, 0.02 meter-s, 
*standard deviation of 1.82 mete~s. 

gr-id of_ 
pointsil 

The standar-d deviation is lar-ge and indicates that the 
considered unconfined wi thin the 2 me te~ contour- li ne, 
un~estrained water table and an unsaturated zone~ 

aqu i fer- may be 
i . e. , wi th an 

Following this section, the ~eader- will find map #10 "Aquife~ - upper 
compa~tment- structu~e contours of its lower- su~face (m ASL) (dlt_aqlb)". 
The elevation of the pe~iphe~y va~ies betweer. -8 and -12 mete~s, sometimes 
attaining values >-20 meters. These particular- zones corr-espond to zones of 
discontinuity in the clay/silt laye~ #2 (see section 4.2.2). 

Following this section, the reader will find map #11 "Aquifer ~upper 
compartment- isopachs (thicknesses) in meter-s (dlt_aq1e)" which indicates the 
zones wher-e the aqui fer thickness is ze~o. These zones ar-e located: 

1) near the irrigated perimeter at Debi, wt--ere, as previously mentioned, 
the~e ar-e shallow Inchi~ian sediments (see section 4.2.2), 

2) betw~• the irrigated perimeters at Boundoum and Grande D~gue Telle! 
Kassak, to the West of the Lampsar, 

3) near KI-Jeun, midway between thé tovvns of 1-::eur Macène and Rosso, along 
the Senegal Rive~ • 

These three zones are perfectly aligned with the zones of maximum 
thickness of clay/silt layer #1. 

Ref.: Golden Softwa~e, !ne., p. 8-40, applications of the SlffER 
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In conclusion, the aquifer is characterized: 

* by an upper compartment structurally confined or unconfined, depending 
on the existence or absence of semi-penreable layer #1 (clay and/or 
sil t), * by an upper compar-tment hydrogeologically confined or unconfined 
depending on whether the elevation (ASL) of the water table is above or 
below the elevation (ASl) of the aquifer·s upper surface. The nature of 
this aquifer may possibly change s~asonally during the annual cycle . 

* the upper compartment of the aqui fer has a relative! y hofrogenous 
granulometry but is discontinuous in thickness (thickness of the 
compartment is sometimes zero). 

* the thickness of the upper compartment 
is principally located in Nouakchottian 
upper parts of the Inchirian sediments, 

varies from 0 to 12 meters and 
sediments, sometimes in the 

* the thickness of the lower compartment has not been determined by the 
project. 
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5 DEL TA - HYDRCXX::CLOOIUL D-MACTER IST !CS 

5.1 Structural hydraulic parameters 

5.1.1 Hydraulic conductivity measurements at descending levels 

Each of the piezometers constructed by the project was first developed 
for two hours. Upon recovery of the static water leve!, a hydraul1~ 
conductivity test (KK) was performed, by the dropping water l~vel method' 
(slug test). The interpretation method used was that of Hvorslev' . 

Use of this method does not depend on the shape of the reservoir being 
tested. Unsuitable for use in pla~c clays (rare within the confines of the 
del ta and al ways at the surface) i t takes into account the shape and 
dimensions of the piezometer intake (length of the intake systematically = 1 
meter). 

This method is suitable for 
m2 /sec. When transmissivity values 
the drop in the water level is 
unmeasu~able. In such cases, only 
corductivity values needed. 

values of transmissivity less than 10-3 

are close to or greater than this limit, 
rapid (often instant) and practically 
pumping tests will provide the hydraulic 

Within the delta limits, the project performed 211 hydraulic 
conductivi ty tests by the dropping water level method. The notion of an 
aquifer in two compartments led to the classification of the test results into 
two groups based on the depth of the piezometer intake: 

* upper compartment: depth of the intake less than 13 meters, 

* lower compartment: depth of the intake greater than 13 meters. 

Figures 
conductivi ty 
compartments, 

4 and 5 indicate the logarithmic distribution of 
values by geological formation; upper and 
respectively. 

the hydraulic 
lower aqui fer 

Annex 5 includes the lists of hydraulic conductivity values for each 
group (upper and lower aquifer compartments). 

~ Ref: Société d'Energie de la Baie James, March 1978. 

34 Ret: FREEZE and D-ERRY, 1979, p. 340-341. 

~Ref.: Audibert, 1970, document IV, p. 10. 
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lH'ER PART CF AGIUIFER = INTAKE !JEPTH < 13.0 M 

STATJSTJCS 

1\U"!BER 
MIN. 
i"'AX. 
I"EDIAN 

INTAKE 
IJEPTH 

137 
4.00 

13.00 

K(Cm/s) 

137 
8. 50E-07 
3.40E-03 
3.00E-4 

LŒER PART CF AGIU!FER = INTAKE 

STATJSTICS INTAKE K(Cm/s) 
IJEPTH 

I\U"1BER 74 74 
MIN 13.0 l.ElE-07 
i"'AX 49.2 5. 5E-03 
MEDIAN 6. 9E--Cl4 

LOO(KK) 

137 
-6.07 
-2.47 
-3.52 

IJEPTH > 

LOO(KK) 

74 
-6.74 
-'2.'26 
-3.15 

13.0 M 

For bath cases - upper and lover aqui fer compartments, we see that: 

'26 

1) the range -~f hydraulic conductivity values is large (1*10~ 
cm/s to )1*10' emis) reflecting the heterogeneity of the tested 
sediments, 

2) all the geological formations are well represented in each of 
the classes of log(kk) except for the TC formation f~ which all 
the conductivity values are in the upper range (>1*10 cm/s) (see 
figure 5). 

Seven piezometei'"S tap this formation, a substratum of Quatemary 
sediments. AJJ are Jocated North of the Senegal River, near Rosso (see annex 
3, map of Tertiary sediments - structure contours of the upper surface and 
relevant boreholes. 

Figures 4 and 5 indicate a predominant class (log kk = -2.8). Thls 
class corresponds to the upper limit for which the dropping water Jevel method 
should be used to measure hydraulic conductivity. Beyond this limit the rate 
of drop lS tao rapid to interpret_

3 
accurately. In these situations, a 

hydraulic conductivity value of >1*10 cm/s was attributed. Such was the 
case for about 40ï. of the tests made. If the distribution of hydraulic 
conductivity values is log-normal, as is often the case (Freeze and Cherry, 
1975), then the median value can be determined. Assuming that the hydraulic 
conductivity values are distributed symmetricaJJy about the median, the 
standard deviation can be estimated. The value of the standard deviation is 
estimated such that the values "median +/-standard deviation" include 2/3 of 
all the hydraulic conductivity values measured. 

This estimation was made for the upper and lower aquifer compartments 
and the two combined. The results are: 

aquifer number 

137 
74 

211 

median 
cm/s -4 

3.0*10-4 
6.9*10-4 
4.4*10 

std.dev. 

-4 
2.7*10 -4 
6.5*10 -4 
4.0*10 

The ranges of values between the limits 
deviation" - overlap for the two compartments 

- "median value +/- standard 
and make any differentiation 
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between the hydraulic conductivities of the compartments difficult, especially 
if the number of samples is small. In ether words, what is the probability 
that the difference between the median values for the two compartments is due 
to chance rather than to a real difference in the hydraulic conductivities 
causE'd by the geological natureo. of the upper and !CJWE>r compartments" 

To ans...er this question, we make the hypothesis that the median 
hydraulic conductivity values correspond to the average values. In that case, 
the distribution of values is log-normal and the standard deviation of the 
differences between ~average values of each of the compartments is given by 
the following formula : 

where: 

17D = «<Îs/'l)+(a1/'1ll 1 

us = standard deviation of the hydraulic conductivity values for the 
upper compartment, 

a. = standard deviation of the hydraulic conductivity values for the 
lbwer compartment, 

n = number of hydraulic conductivity values for the aquifer·s upper 
cbpartment, 

n. = number of hydraulic conductivity values for the aquifer·s lower 
d:wnpartment. 

The value of a which results fr~ use of the formula with the median 
hydraulic conductivit~ values is 7.9*10 cm/~. The d~iference ~tween the 
median hydraulic conduct1vity values (6.9*10 - 3.0*10 = 3.9*10 ) is 4.9 
times greater than the value of aD. 

Consequently, the lower compartment sediments are twice as permeable, on 
the average, as the upper compartment sediments. Even if the statistical 
difference is clear, it is good to consider the criteria usE'd in the field for 
stopping the drilling work: the determination of the most permeable horizon 
over· the depths considE'red for- the drilling pr-ograms - shallow (<15 meters) 
and deep () 15 meters and< 65 meters). The probability of encountering a 
more permeable horizon is greater for the deep boreholes than for the shallow 
boreho 1 es. 

The range of values bet~ these limits - "median value +/-standard 
deviation" coi.-,cides with the low values of hydraulic conductivity 
characteristic of semi-permeable aquifer formations (fine sand and silt) 
(ref.: Bear, Zaslavsky and Irmy, 1968). This coincides perfectly with the 
results for the Quaternary sediments found in the confines of the delta during 
construction of the 0"1\15 p1ezome4r-ic nE'twork. We pr-opose t~4 values for the 
combinE'd compartments: 4.4*10 cm/s (average) and 4.0*10 cm/s (standard 
deviation). 

~ Arkin and Col ton, 1970. 
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5.1.2 Pumping test r-esults 

Within the confines of the delta, the pr-oject per-for-med 6 pumping tests 
( DA001 , DA032, DA083, GA<X>36, GA0255, GA0264) . The pumping ti me was li mi ted 
to 48 hour-s and the time of obser-vation of the water- table rise was also 
limited to 48 hour-s. The r-eader- will find the locations of the sites on map 
#12 "Pumping test si te locations (dl t_locq)". The hydraulic par-ameter-s of the 
aqui fer-s tested are listed in the table below. They are sh:Jwn in the 
following or-der-~, specifie dischar-ge (Qc), specifie cr-itical dr-awdown (De), 
coefficient of tr-ansmissivity (T), aquifer thickness (E), hor-izontal hydr-aulic 
conductivity (KQ), coefficient of star-age (5), dr-ainability factor- (L), the 
coefficient of dr-ainability (c) and vertical hydr-aulic conductivity (Kv). 

Table #4: Aquifer- hydr-aulic parameters 

PMAM.LI\JITS IJA001 DA032 DA083 GA0036 GA0255 GA0264 
Qc m3/hr 14.0 ND >10.0 ND ND 12.0 
De m 1.68 ND >3.0 ND ND 4.0 
T m2/s 2. 50E-03 2.00E-03 2.00E-ü2 NI NI 1.00!:-03 
E m >21 20.0 7.0 >5 >19 >20 
KQ m/s 1.00E-04 1.00E--ü4 2.86E-03 NI NI 4.00E-ü5 
s none l.OOE-04 4.00E-04 NA NI NI 7 .OOE--04 
L m 760 579 NA NI NI 109 
c da ys 2600 1889 NA NI NI 121 
Kv m/s 9.00E--09 6.00E--09 NA NI NI 4.00E-07 

CCI"PARTI'ENT LCX<ER LOIER LCW::R LCW::R LCX<ER Lcw::R 

INTERPRETA TI ()\j WALTCN18 WAL T()\j JAC0839 WAL TCJ\1 

ND= not done 
NA = not applicable 
NI = not interpretable 

The observation piezometer-s for the DA083 pumping station did not show 
a r-esponse during the test, thus the inter-pretation is not r-igor-ous. 

The GA0036 and GA0255 pumping staticns emptied after a few minutes of 
pumping, thus halting the tests. 

ln this table, the ver-tical hydr-aulic conductivities. the coefficients 
of drainability and the dr-ainability factors, show the effect of the semi­
per-meable inter-laminate layer (semi~permeable layer- #2). 

The pumping tests performed by the pr-oject did not test the upper­
compar-tment. However-, Sl:XREAH et al. did test i t and they concludedW: 

11 the aquifer- tests sho~.Ned that: 

* the so--called "upper-" aqui fer, in pr-inciple, between the elevations 
(ASL) -10 m and -14 m, is poorly is~lated and is partial~y ~nked to t~ 
lower aquifer. Its transmissivity is on the or-der of 10 m /s (K=2*10 
m/s). 

37 For- a r-igor-ous, scienti fic defini tien, see Castany, 1977. 

38 Ret.: Kr-useman, 1979, p. 81. 

39 Ret.: Kruseman, 1979, p. 59. 

40 Ref •• ·~"'-' et 1 1978 58 ~ a ., ' p •• 
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* the "lower" aquifer, between abo..Jt -16 
terrain of~veri homogen~s permeability. 
arder of 10 m 1s (K=6*10 m/s). 

m and -30 m, is situated in a 
Its transmissivity is on the 

* the two aquifers are 
consider, without great 
abo..Jt 300 m 

recharged by the 
er~or, as a linear 

Senegal River which we can 
East-west recharge situated 

* the two aquifers behave as confined aquifers, t~ coefficient of 
storage of the lower aquifer being on the arder of 8*10 ." 

The lower compartment, submitted to pumping tests at six distinct sites, 
contains a semi-confined aquifer which is weakly recharged by vertical 
drainage, as is shawn by the large values for the drainability factor (L) for 
the DAOOl and DA032 sites. This aquifer belongs to Inchirian sediments (see 
the structure contour map of the Inchirian in annex 3). 

The substratum (Tertiary stratigraphie series) was not tested. 

The hydraulic conductivity values obtained with the slug tests (KK) are 
one arder of magnitude smaller than the values obtained with the pumping tests 
(KQ). This is surprising since the slug tests characterize strata (generally 
1 meter high along the length of the piezometer intake) chosen for their large 
apparent permeability (see the drilling halt criteria) whereas the pumping 
tests (48 hours) characterize a rruch larger volume of sediment (radius of 100 
meters around the well point). It would be logical to have the opposite 
results, i.e., values of KK > KQ. 

Despite the difference of one arder of magnitude, we feel that the 
average hydraulic conductivity value, determined by statistical analysis of 
the values calculated from the slug test results, is the value to use in 
calculations for the following reasons: 

* a large number of slug tests were made (271), 

* the spatial distribution of the slug tests in the delta is good, * the vertical distrlbution of the tests (shal Jow and deep boreholes) 
represents beth aquifer compartments, 

* the hydraulic conductivity values 
reflect the geological nature of the 
OMVS piezometrie network. 

interpreted from the test results 
sediments which are tapped by the 

Therefore, the average hydraulic conductivity value of K=4.4*10~ cm/s 
will be used in later calculations. 

The values of (S) determined from the pumping tests are on the arder of 
10~ (dimensionless). These values are characteristic of confined aquifers. 

Theoretical 41 values of (S) for unconfined water tables are: 

grave! 
sand 
silt 
clay 
dunes 

41 Ref.: Todd. 1980. 

.23 to .25 

.23 to .28 
.08 
.03 
.38 
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The geometrie description of the delta aquifer (see chapter 4), in 
relation toits principal structural hydraulic parameters (K, T, 5 and Kv) is 
presented below. 

The hydraulic conductivity values mentioned 1n this description 
originate from pumping tests (KQ=cm/s), hydraulic conductivity test (KK;cm/s) 
and granulometrie analyses (KB;cm/s) . 

0 ---------------------- surface 

10-5 < KB < 10-7 cm/s semi-permeable layer #1 

4/5 m ------------------ IJ(]UJFER LPPER CCI"1"W'?TI"ENT 

KK hor. v. median ; 3.0 * 10~ cm/s 
KK std. deviation ; 2.7 * 10_

2 
cm/s 

KQ hor. Sogreah ; 2.0 * 10_3 cr/s 
T Sogreah ; 10-4 m /sec 
5 ; 8.0 * 10 
15/18 m ---------------

semi -permeab 1 e layer #2 

KQ vert. = 10-7 to 10-9 m/sec 

19/30 --------- ------- IJ(]UJFER LaER CCl'PflRTI"ENT 

KK hor. v. median = 6.9 * 10~ cm/s 
KK std. deviation = 6-~* 10 

1
cm/s 

KQ hor. = 10' to 16 c'21/s 
T = 10-2 to 1~-l m /sec 
5 = 10 

40/50 m ---------------
substratum 
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5.2 Geohydrochemistry 

For the entire delta, a total of 89 samples of groundwater (74) and 
surface water (15) were analyzed by the National soil and water analysis 
laboratory (Lal:x:Jratoife National d'Analyses des Sols et de l'Eau - LA!\1'\SCL), 
operated by SCl\IADER in Nouakchott, for major cations and anions, as well as 
nitrites and nitrates. 

Analyses results (tables and graphs) are presented in annex 6. The 
tables in this annex include complimentary information as well, such as sample 
depth, nearby watercourses (name and distance) and the usual anions/cations 
content report. For r,eference, the average chemical composition of sea water, 
as proposed by œsTCI"'"", is also given. 

Additional samples were taken at sorne sites as part of the pumping 
tests. 

The laboratory results were analyzed to determine the existence of: 

1) a vertical chemical stratification as a function of depth, 

2) chemically 
watercourses. 

differentiated zones parallel to nearby 

The chemical content of the groundwater samples does not vary regularly 
as a function of sample depth, or the distance of the sample site from the 
nearest watercourse. The reader may refer ta the graphs in annex 6 for 
illustrations. Variation in Cl content with depth of the piezometer intake is 
shawn in figure #2 of the annex, and with horizontal distance from the sample 
si te to the nearest watercourse is showl in figure #1. The Cl content varies 
extremely irregularly with depth and horizontal distance. This indicates an 
aquifer which is very heterogenous, both vertically and horizontally, and of a 
discontinuous, lenticular natu~e~ 

However, the variations of typical ion concentration ratios (see tables, 
annex 6) show that the ratios increase with depth, weakly for the Cl-/Na+, 
Mg++/Ca++ and Na+/K+ relationships; more significantly for· thE? (Na+K)/(Ca+Mg) 
and Cl-/504-- relationships. 

The best-fit linear equations describing the changes with depth are: 

~atios equations (depth ; m) remarks 

Cl-/504-- y = 1.04779 (depth) + 13.2593 signi f icant 
Cl-/Na+ y = 0.0034180 (depth) + 1.7546 weak 
Mg++/Ca++ y = 0.0111616 (depth) + 1.13089 weak 
Na+/K+ y 0.0086544 (deptr.) + 16.6412 weak 
(Na+K)/(Ca+Mg) y 0.0523016 (depth) + 2.99517 significant 

A vertical chemical stratification is also identified. Figure 6 
indicates the S.A.R. (sodium adsorption ratio) distribution by class (see 
section 5.2.2.) for the aquifer upper compartment (water intake < 13 m deep) 
and lower compartment (water intake > 13 m deep). 

42 SCl\IADER ; Société Nationale pour le Développement Rural. 

43 Ref.: SAOS, 1985, p. 22, table 5. 
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Figure b S.A.R. 
compartments 

- distribution for aquifer upper and lower 

The variation of the typical ion concentration ratios (see tables, annex 
b) also sro--. that the ratios vary with distance from the sample site to the 
nearest watercourse: decrease for the ratios Mg++/Ca++, (Na+K)/(Ca+Mg) and 
Cl-/504--; increase for the ratios Cl-/Na+ and Na+/K+. 

The best-fit linear equations for the changes wi th distance are: 

ratio~ equations (dist. ~ km) remarkc;:;; 

Cl-/504-- y = -2.87949 (dist.) + 42.0159 decrease 
Cl-/Na+ y = 0.0609257 (dist.) + 1.69932 increase 
Mg++/Ca++ y -0.0630896 (dist.) + 1.50594 dE'Crease 
Na+/K+ y = 0.923929 (dist.) + 16.5533 inct""ease 
(Na+K) 1 (Ca+Mg l y = - 0.175714 (dist.) + 4.49836 decrease 

The reade..- should understand that these equations are not precise but 
are merely analytical tools. 

5.2.1 Geohydrochemical facies 

The geohydrochemical facies of the groundwater are essentially of the 
sodium chloride and potassium chloride types (72/74) with a few exceptions 
(1/74- calcium and magnesium bicarbonate; 1/74- sodium sulfate). This water 
is of marin~ origin~ 

Anion/cation content variation is insignificant between multiple samples 
analyzed for the same site. 

The geohydrochemical facies for surface 
sodium chloride and potassium chloride types 
(3/15 -calcium and magnesium bicarbonate; 1/15 

water are principally of the 
(11/15) with a few exceptions 
-sodium sulfate). 
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The lcx:ati01s of water- samples which do not fit the geohydr-cx:hemical 
facies typical for- the regi01 ar-e showl 01 map #13 "Water- analyses of n01 
SCX:ium chlor-ide type (sw_gwchm)" • 

5.2.2 S.A.R. - Sodium adsorption r-atio 

The map #14 "S.A.R. -sodium adsor-ption r-atio- per-iod 1987-1988 (sar)", 
indicating the ".A.R. isovalues of the groundwater, was drawn using the 
following classes : 

class number- samples/c !ass 
code limi ts suf""face groundwater 

S1 0 < ~ < 10 15/15 20/74 
S2 10 < ~ < 18 13/74 
S3 18 < ~ < 26 11/74 
S4 ~ ) 26 30/74 

The Sl and 52 class water samples of generally come fr-om village wells, 
r-arely fr-om piezometers, lcx:ated: 

*along a NE-SW axis, parallel to the Ouallo/Dieri limits in the south 
of the del ta, 

* near Djoudj national park, south of the Debi perimeter, 

* along a N-S axis passing thr-ough Lac de Guier-s and the town of Rosso, 
and coincident with the unconfined aquifer- zone. 

the lar-ge 
M'pour-ie 

in the 
of the 

The S3 and S4 class water- samples come fr-om the zones wher-e 
ir-r-igated per-imeters have been deve!oped, except for- the CSS and the 
per-imeter-s which are lcx:ated in the easter-n par-t of the delta 
unc01fined aqui fer- zone. The per-imeters ar-e lcx:ated in heavy soils 
imper-meable c!ay/silt layer- #1. 

Ail the surface water samples are class 51. We note, however-, higher 
S.A.R. values for- the sur-face water-s from the sloughs (Lampsar-, Djeuss and 
Gor-om). This r-eflects their- status of natur-al dr-ains r-eceiving salt loaded 
water- fr-om fields wher-e the soil is !eached befor-e planting. 

5.2.3 T.D.S. - Total dissolved solids 

The map #15 "T .D;s. - Total dissolved sol ids (mg/!), labor-ator-y values 
(tds)" indicating the T.D~. isovalues of the delta gr-oundwater, was drawn 
using the following classes : 

number of samp 1 es 
limits mg/! class sur-face groundwater-

0 < TDS < 
1,000 < TDS < 

10,000 < TDS < 
100,000 < TDS 

1,000 
10,000 

100,000 

fr-esh 
brackish 
saline 
brine 

11/15 
4/15 

8/74 
32/74 
34/74 

0174 

The fresh and br-ackish samples generally come from village wells, rare!y 
from piezometers, located: 

* alorg a NE-SW axis, parallel to the Ouallo/Dieri limits in the south 
of the delta, 

* near Djoudj national par-k, south of the Debi perimeter, 

44 Ref. : lXXPERA TI Cl\1 ET DEitELŒ'PEI"ENT , 1984 , p. 95 • 

45 Ref • ·• FREEZE 84 ' p. • 
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* alorg a N-5 axis passing thro.Jgh Lac de Guiers and the t<:ll<fi of Rosso, 
and coincident wi th the uncorf ined aqui fer zone ( see map #25) . 

The saline water samples come from the zores wt-ere tt-e large irrigated 
perimeters have been developed, except for tt-e CSS and tt-e M' p0-1rie perimeters 
which are located in tt-e eastern part of tt-e delta in the unconfined aquifer 
zore. Tt-e perimeters are located in heavy soils of the impermeable clay/silt 
layer #1. 

Tt-e delta gro.Jndwaters are highly mineralized and, corsidering their 
high sodium adsorption ratio, are unfit for irrigation. 

The surface water samples are practically all (11/15) in the freshwater 
class. Tt-e four T.D.S. surface water values which do not fit this class come 
from tt-e sloughs (lampsar, Djeuss and Gorom). This reflects tt-eir status of 
natural drains receiving salt loaded water from fields where the so1l is 
leached before planting. 

5.2.4 Pesticides and t-erbicides 

Ct-emical analy~ ot the herbicide and pesticide contents of tt-e delta 
waters are inexistent because local laboratories are not adequately equipped 
for this kind of specialized analysis'; 

The project simply inventoried the different pesticides, t-erbicides and 
application rates used by organizations like CSS and SAED (see annex #7). 

This inventory only concerns tt-e left bank of the delta, even though the 
same information was requested from SCJ\IADER, RIM. 

If a sampling campa1gn is ever made, it should be corcentrated near the 
drainage areas of each of the large irrigated perimeters (see table #2, p.ll). 
These drainage areas constitute high risk zones. 

The laboratory analysis of t-erbicides and pesticides is not currently 
possible in any of the OMVS member countries. 

%Ref.: Gersar, 1989, p. 62. 
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6 SEASCJ'IR. FLL.CTU<HJ(J\1 CYCLES - PERIOD 1987-1989 

ThE> GES data base cc:ntains 
measu~ements with respect to fixed 
measurements) and wate~ level data 
daily measu~ements). 

a ch~onological series of water depth 
reference points (groundwater: monthly 

for thE> bo:Jies of water- (surface water: 

ThE> hydrogeological monitor-ing of village wells 
November- 1986 and that of the piezometers since June 
thE>y were completed in thE> field. 

has been ongoing since 
1987, progressively, as 

The mapping of this data with the Kriging geostatistical t~eatment 
per-mitted the t~acing of seasonal depth contours of thE> water table surface 
f~om thE> ground surface, for- the aquifer- upper compartment (surface water 
excluded), and the corresponding potentiometric surfaces (including and 
excluding surface wate~s) of the aquifer·s upper and lower compartments. 

Maps were produced for the ends of the dry and rainy seasons of three 
hydrogeological cycles (1987-1989). Data stored in GES was extracted for­
cartographie treatment according to the following criteria: 

1) piezometer- water intake depth <>13 meter-s deper,ding on which aquifer 
compartment was consider-ec:t, 

2) observatic:n per-iods: 
- 15/05/year < dry season <15/07/year 
- 15/09/year < rainy season <15/11/year 

3) ca~tographic locatic:n: 
- ~'4 < MTu-X < 426 
-1769 < MTu-Y <1852 

The combination of surface water data with groundwater data is based on 
the sectioning of the delta hydrographie network described in section 3.4 of 
this report. Characteristic elevations of the surface waters are, for each 
season and year, described graphically in annex #2. ThE> characteristic 
elevation fo~ each season is the average value as shawn below each graph. 

ThE> maps produced with this method are difficult ta analyze because thE> 
spatial distribution of the OMVS network (see placement criteria, section 3.5 
of this report) is very irregular and in the zones where no piezometers exist, 
the values are extrapolated. As well, the spacing between the piezometers 
varies with the type of installation: 

* metric along thE> piezometer lines which are transverse to the Senegal 
River, 

* on the scale of kilometers 
large irrigated perimeter-s and 
the delta. 

for- the piezometer-s situated inside the 
along the piezometer- lines which traverse 

The reader should fir-st determine the scale of his analysis. 
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6.1 Wate~ table dept~~ 

Figu~e #7 indicates the dist~ibution of depths of the wate~ table (m) 
below the soil su~face by inc~ements of 0.5 mete~s, fo~ the d~y and rainy 
seasons fo~ the pe~ioc 1987-1989. This log-no~mal dist~ibution includes 
depths (m) to the wate~ in wells, in piezomete~s located within i~~igated 
pe~imete~s (LP) and piezomete~s located outside of the pe~imeters (HP) . 

DISTR. DES NIVEAUX D'EAU SAISONNIERS 
CEL TA DJ FL aJVI!: SI!! Nl!!GA.L 

40,----------v------~~~~~-----------------------------, 

00 

20 

'0 

0 

0 0.5 1 1.~ ~ ~.5 ~ 3.51 ~.55 5.5 B 6.5 7 7.5 S 8.5 9 9.51010.51111.512 

CLASSE - 0. 5 t.ETFES 
EZ2Z:I cc..Ju ~ eeoc 

Figure 7 Dist~ibution of wate~ table depths (m) by season 

STAT. JU_87 OC_87 JU_88 CC_88 JU_89 0.::_89 

N.J'1BER 180 172 186 157 185 170 
MlN 0.14 0.11 0.02 0.02 0.05 0.11 
MAX 11.10 11.15 10.99 10.93 11.07 11.11 
AVERAGE 3.15 2.82 3.01 2.46 2.79 2.28 
STD.DEV. 2.14 2.25 2.11 2.21 1.79 2.03 
i"EDIAN 2.52 2.06 2. 51 2.14 2.41 1.60 

The median depth changes seasonally, dec~easing during the dry 
(evaporation, evapotranspi~ation) and increasing du~ing the rainy 
(infiltration of rainfall and irrigation wate~). 

season 
season 

Compared to thE whole pe~iod 1987-89, the depth to the wate~ table 
dec~eased du~ing 1989. 

The map #16 "Water table depth- June 88 (m) - aquifer upper compartment 
(nv_8806)" and the map #17 "Wate~ table depth - October 88 (m) - aqui fe~ uppe~ 
compartment (nv_8810)" indicate thE seasonal water table depths. 

The seasonal fluctuations of the wate~ table (m) can be compa~ed ta 
total annual ~ainfall measured in the delta (14 ~aingauges). 
Table #5: Pe~ioc 1986-1989 - annual ~ainfall 



. ' Œ:S 
CODE 

YEPfl 

N...MBER GALGES 
MIN. VAL. 
mx. VAL. 
AVERAGE 
STD. DEV. 

RAINGALŒ 
STATIO'\JS 

1986 

8 
87 

402 
214 
100 

rMJiyr 

1 ST LClJIS/FUlCFORT 188 
2 ST LClJIS/ JffiDIN BOT!'i\1. 
3 ND 1 a._ Cl.JALLO 
4 NDIOL DIER! 
5 DI l'M'\ BARRAGE 
6 NDIAYES CENTRE 246 
7 ROSS BETHIO 322 
8 I30Lf\JDCU'1 BARRAGE 187 
9 KELR 1'1"CEJ\E 183 

10 ROSSO 402 
11 R. TQL/ KM 8 99 
12 R. TOLL/ KM 15 87 
13 R. TCLLI OOMBO 
14 R. TOLL/ MBILCR 
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1987 1988 1989 

14 9 5 
68 181 199 

349 322 388 
182 242 268 
81 43 78 

rMJ/yr rMJ/yr IM1/yr 

349 293 
245 268 199 
252 
265 322 388 
211 181 
111 215 
201 224 205 
96 
68 332 

207 
165 215 
207 255 

73 203 
94 219 

The seasonal maps which fol law indicate the depth (m) ta the water tablE' 
for the aquifer' upper compartment only. Surface water data were excluded in 
producing these maps. There is a slight, seasonal, horizontal displacement of 
!ines of equal water table depth. 

The spacing between contour !ines of equal water table depth is 1 
me ter. 

The maps indicate drawdOIMl of the water table in the southern part of 
the delta, (zone of village wells near the Ouallo/Dieri limits), and in the NE 
part of thE delta (zone of wells north of the town at Rosso). Use of the 
wells influence the drawdOIMls. 

6.2 Pot8ntiometric surfaces (elevations ASL) 

The average piezometrie values for the different seasons (dry and rainy) 
over the period of hydrogeological monitoring with the OMVS network, were 
extracted statistically in consideration of the geographie location of the 
piezometers: 

* in si de the li mi ts of the large irrigated perimeters (piezometer 
number-ing code LP), 

PIEZOmRY 1987 1988 1989 
STAT!STICS DRY RAINY DRY RAINY DRY RAINY 

NUMBER DATA 72 115 JJB JOB 125 120 
MIN. -3.27 -2.36 -2.40 -2.33 -2.47 -2.37 
MAl. 2.25 2.30 1.89 2.68 J. 76 2.63 
AVERAGE -0.45 0.03 -0.29 0.26 -0.33 0.43 
STD. DEV. 0.93 1.02 0.85 0.96 0.86 0.99 

* outside the limits of the large irrigated perimeters (piezometer 
numbering code rf'), 
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P!EZOMETRY 1997 1988 1989 
STAT!ST!CS DRY RA!NY DRY RAINY DRY RAINY 

NUMBER DATA 22 38 Sb 45 57 4b 
MIN. -4.55 -4.10 -3.28 -3.00 -4.39 -4.33 
MAX. 0.30 1.07 1.8b 1.14 1. 7b o.8b 
AVERAGE -O.Sb -0.57 -o. 53 -0.23 -0.71 -0.44 
STD. DEY. 1.14 1.21 0.9b 1.10 0.98 1.15 

The piezomet~ic contou~s based on obse~vation points outside the limits 
of the la~ge i~~igated pe~imete~s a~e, on the ave~age, systematically 
negative, ~egardless of the season. The positive values are for piezomete~s 
located near watercourses. 

The piezomet~ic contours based on observation points inside the 
i~~igated perimete~s are, on the ave~age, negative during the d~y season and 
positive du~ing the ra~ny season. The rainy season also corresponds to the 
"hivernage" agricultural season (infiltration of irrigation water). 

The average seasonal fluctuations of the water table are shown in the 
following table. 

Table #6: Average seasonal fluctuations of the water table 

YEAR 

IN PERI I"ETERS 

OJTSIDE 
PERII"ETERS 

1987 

0.48 

-0.01 

1988 

0.55 

0.30 

1989 

0.76 

0.27 

These ave~age seasonal fluctuations of the wate~ table do not ~eflect 
the hete~ogeneity of the aquifer. The following table lists the variations in 
piezometrie head (confined aquifers) and water table leve! (unconfinec 
aquifers) for seve~al regions of the delta. The va~iations are related to 
shape and st~uctural characteristics of the aquifer~ 
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Table #7: Regional observations concerning seasonal variations in piezometrie 
head and wat.,,.- table elevation 

RES! ill ST. LAYER Il 
THICK Dl&:. 

(1) 

---AOOJFER--
ROOF NAUL THJCK 
1 ASl 1 ASl (1) 

YV 0 NIA +6 -B 14 

IRR. SEAS.YAR'N, 1 vert.+/- AllUIFER TYPE 
Y/N 87 1111 89 87 1111 89 87 1111 89 

(1) (1) (Il U/C U/C U/C 

N 0.2 0.6 0.3 NIA N/A N/A U U U T!J.MlW BIRETTE 

AXE LIWSM LP 2, 4 ND -21 -3 -e B, 10 Y 0.2 0.6 0.5 + + + C C C 
+ Clii'EmS 6DTK 

JOU) ClJI'Em NlAEL 

mDOOI 

HP o, 1 YES o, -1 -10 B N 0.1 0.1 0.1 - - - U U U 

LP 2 YES 0, -2 -JO B ? 0.3 0.3 0.4 - - - U+C U+C U+C 

DEBI LP o, 6 YES O, -6 

lP O, 2 YES O, -2 

-e o, 2 ? 0.2 0.6 0.4 - c c c 
CSS , BAL KY, SOOSSE 

T li:fOlFI ' OCl'ŒIIJ 

-12 

LP 2, 4 YES -2, -3 -12 

8, 10 y 1.0 1.0 1.0 • • • U+C U+C U+C 

JO ? 0.9 0.9 1.3 + + + C C C 

THII61R 

lf'Wl!E 

LP 2, 4 YES o, -2 -6 a ? 1.3 0.2 1.6 + • + U+C U+C U+C 

LP 4 YES -4 -B, -12 B y 1.4 1.4 1.4 • • • u u u 
0.5 0.6 0.6 c c c 

LP 4 N!l -4 -12 B N 0.0 0.2 0.2 + + + C C C 

LB- Ums OOALLO/DIERI YV 0 N/A +~ -B 8, 10 N 0.0 0.1 0.1 N/A NIA N/A U U U 

RB- Ll~ITS OUALLOIDIERI YV 0 N/A +3 -14, -16 16 N 0.0 0.2 0.2 NIA NIA NIA U U U 
ROSSO 

RB- mns OOALLO/DIERI YV 0 NIA +2 -a 10 N 0.5 0.6 0.0 NIA N/A N/A U U U 
KElJl PIOCEtE 

Legend for table #7: 

ST. =HP= outside per-imeter-; LP = within 
DISC. = discontinuity in clay/silt layer- #1 
ROOF = aquifer- upper- sur-face elevation 
WALL = later-al aquifer limits of the upper-
U/C = U = unconfined; C = co'lfined 
IRR. = ir-r-igation in the r-egion concerned 
I vert.= vertical hydraulic gradient between 

( +) =da-onward; (-) =upward. 

From the table, we note that: 

1) in the unconfined aquifer zones: 

per-imet"r limits; VV = villag.,, 

compartment 

Y=yes; N=no 
the upper and la-oer compartments 

* in the c"nt"r of the d"l ta, outsid" H-rigated perimet.,rs (Ngael 
Nord depression), the seasonal water table fluctuations are 
ins1gnificant, on the ord.,,.- of 0.1 met.,r, 

* on the Ouallo/Di.,ri limits, outside irr-igat"d perimet.,rs, the 
seasonal water table fluctuations are insignificant,on the o~der 
of 0.1 to 0.2 met.,r, 
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* within the limits of the i~~igated pe~imete~s, the seasonal 
wate~ table va~iations a~e f~om 0.9 to 1.6 mete~s, 

* in the toundous, zones of discontinuity of 
the seasonal wate~ table fluctuations are 
mete~. 

2) in the confined aquifer zones: 

impe~meable layer ~1, 
on the order of 0.3 

* within the limits of the ir~igated perimeters, the seasonal 
fluctuations are on the arder of 0.3 to 0.4 meter. 

The reader will find on the following pages: 

* map ~18 "Potentiometric su~face - June 88 
aquifer uppe~ compa~tment (m ASL) (z1_8806)", 

with surface wate~s -

* map #19 "Potentiomet~ic su~face June 88 - wi thout surface wate~s 
aquife~ uppe~ compartment (m ASL) (zgw8806)", 

* map ~20 "Potentiometric surface Octobe~ B8 with surface waters 
aqui fe~ uppe~ compa~trœnt (m ASL) ( z1_8810) ", 

* map ~21 "Potentiomet~ic su~face Octobe~ 88 
aqui fer upper compartment ( m ASL) ( zgw8810 l ", 

without surface wate~s 

* map #22 "Water table va~iations (mete~s) between June and Octobe~ 88 -
with sudace wate~s (~e_B8106)" 

* map #23 "Water table variations (meters) between June and Octobe~ 88 -
without su~face wate~s (zgw_1006)" 

These maps show the potentiomet~ic surface va~iations 
table fluctuations fa~ the months of June and October 88, 
excluding su~face water leve! elevation data du~ing the 
calculations. 

6.3 Confined and unconfined aquife~ zones 

and the wate~ 
including and 

geostatistical 

Subtraction of the seasonal potentiomet~ic su~faces from the upper 
su~face of the aquife~'s uppe~ compa~tment was pe~fo~med in o~de~ ta develop 
map #24 "Conf ined and unconfined aqui fer zones - June 88 (ty _8806)" and map 
~25 "Confined and unconfined aquife~ zones- Octobe~ 88 (ty_8810)". The ze~o 
contour line delimits t~ two: confined aquifer = negative values; unconfined 
aquifer = positive value. Hashing was added ta make the unconfined aquifer 
zones more visible. 

This information 1s significant near the piezometers but not elsewhere. 

The unconfined aquifer zones coincide perfectly with the map indicating 
discontinuities in the ~1 clay/silt layer (see section 4.2.1) and the comments 
made in that chapter apply ecually well to the unconfined aquifer zones. 

The conf ined aqui fer zone covers most of the central part of the del ta 
and coincide well with the zones of highest T.D.S. (total dissolved solids). 
These waters a~e trapped unde~ an effectively impe~meable clay laye~. 

The surface a~eas of the confined and unconfined aquifer zones vary with 
the season as indicated below: 
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aJ\F I liED FRAC TI(]\! lJ\UJ\F . FRACT I (]\J DELTA 
PERIDD ACUIFER Œ' DELTA ACUIFER Œ' DELTA TOTAL 

km2 % km2 % km2 

JU\E 87 2353 54 . 2"1. 1991 45.8"/. 4344 
OCT B7 2563 59.0% 1781 41.0% 4344 
JLI\Ë_BB 2403 55. 3'"1. 1941 44. Tl. 4344 
OCT_BB 2577 59. 3'"1. 1767 40. Tl. 4344 
JU\JE 89 2386 54. 9"1. 1958 45.1% 4344 
OCT_ËÎ9 2631 60.6% 1713 39.4% 4344 

The seasonal variations in surface area of the confined and unconfined 
aquifers are minor except for near Thiagar perimeter, south of the town of 
Rosso. The surface area variations are proportional to the (minor) seasonal 
variations in piezometrie head (see section 6.1). Because of the absence of 
the semi-permeable layer, the unconfined aquifer zones are favorable lcxations 
for recharge. 

6.4 Electrical conductivity values (~S/cm = micro Siemens per cm) 

The electrical conductivity of the groundwater in wells and piezometers 
was measured monthly during the period 1987-1989. Table #8 indicates the 
distribution of conductivity values by class of 5000 ~S/cm, at the end of the 
dry season (June/year) and the rainy season (October/year). These 
distributions are indicative of the aquifer upper compartment only. 

Table #8: Distribution of seasonal electrical conductivity values 

CLASSES 

0 to 5000 
5000 to 10000 

10000 to 15000 
15000 to 20000 
20000 to 25000 
25000 to 30000 
30000 to 35000 
350}() to 40000 
40000 to 45000 
45000 to 50000 
50000 to 55000 
55000 to 6000Cl 
60000 to 65000 
65000 to 70000 
70000 to 75000 
75000 to 80000 
80000 to 85000 
85000 to 90000 
90000 to 95000 
95000 to100000 
8EYOND 

NU1BER 
MIN 
MAX 
AVERAGE 
STD. DEV. 
MEDIAN 

JU\E_87 

90.00% 
8.00% 
2.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00"1. 
0.00% 
0.00% 

50 
175 

10500 
1910 
2107 
1000 

OCT_87 

90.91% 
6. 82"1. 
2.27% 
0.00% 
0.00% 
0.00% 
0.00% 
0. 0\.i% 
0.00:1. 
0.00% 
0. 00"1. 
0.00% 
0.00"1. 
0.00% 
0.00% 
0.00% 
0.00:1. 
O.OOi; 
0.00% 
O.OOï. 
0.00% 

44 
390 

13500 
2684 
2463 
1950 

JU\E_88 

67.74/. 
19.35% 
8.06% 
2.69% 
1.08% 
0.54% 
0.54% 
0. C>Oï. 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
o. 00"1. 
0.00% 
0.00% 
0.00% 
0.00% 

186 
110 

33000 
4997 
5354 
2'900 

OCT_88 

53. 42"1. 
9.32% 

10.56% 
4.97% 
3. 73'"1. 
6.21% 
3.11% 
3. 73i: 
1.24% 
3. 73"1. 
O.OOï. 
0.00% 
0.00% 
0.00% 
0.00:1. 
0.00% 
O.OOï. 
0.00% 
0.00:1. 
0.00% 
O.OOï. 

161 
110 

50000 
11391 
13542 

5000 

JL.l\E_89 

53.51% 
14.05% 
11.35:1. 

8.11% 
0.54% 
0.54% 
0.00% 
1.62ï. 
2.70% 
2.70% 
1. 08"1. 
0.54ï. 
1. 62"1. 
0.54% 
0.00% 
o. 54/. 
0.54% 
0.00% 
0.00% 
0.00% 
0.00% 

185 
90 

82800 
11121 
16484 
3000 

OCT_89 

51.48/. 
8. 88"/. 

10.65% 
5. 92"/. 
o. 59"/. 
1.18"1. 
o. 59"/. 
3.55:1. 
5. 92"1. 
o. 59"/. 
1.78% 
3.55:1. 
o. 59"/. 
0.00% 
o. 59"1. 
2.37:1. 
1. 781: 
0.00!. 
0.00% 
0.001: 
0.00% 

169 
68 

84960 
15530 
21947 

4750 

The number of measurements made in 1987 is Jess than one third of the 
number made in the following years. The conductivi ty values for 1987 were ali 
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fa~ samples d~awn f~om village wells, none f~om piezomete~s. Fa~ this ~eason, 
the 1987 measu~ements will not be conside~ed in the following discussion since 
they a~e not considered representative of the conditions in the ~est of the 
delta (marginal geog~aphic location on the Ouallo/Dieri limits). F~om table 
#8, we notice an inc~ease in conductivity with time. No reasonable geological 
or hyd~ogeological explanation can explain this increase in the electrical 
conductivity as a function of time. It would seem, therefore, that the field 
procedures and instruments used are at the cause. 

Twc conductivity mete~s, of different types, were used: 

* Yellow Spring Jnst~uments, mode! 33, scale range from 0 to ~l,OOO 
f.!S/cm, used f~om November 1986 until mid April 1989, 

* Schott Ge~ate, mode] CG857, scale ~ange from 0 to 20,000 IJS/cm, used 
since April 1989. 

The range of electrical conductivities in the delta is large. 
a~e sometimes greater than 70,000 f-IS/cm, necessitating the dilution of 
before measurement (probable sou~ce of error). 

Values 
samples 

The depth at which the measu~ements a~e made is also impo~tant, as shawn 
by the measurements made by ORSTOM inside of severa! OMVS network piezometers 
(shallow and deep). Figure 8 (deep piezometer GA0201) and figure 9 (shallow 
piezometer GA0147) illust~ate the inc~ease 1n conductivity with increasing 
depth. 

ELECTRICAL CONDUCTIVITY vs - DEPTH 
PI~Z~T~R ~0201 

37 

•• •• .. 
~· •• . , 
•o 

&~ 28 

H •• . , 
~Ë •• 
" •• •• , .. ., 

20 ,. ,. 
, 

0 ,. " •o •• 
MEIER5/ l"OP :SOt L 

Figu~e B Piezometer 
vs. depth (m) 

GA0201 - Electrical conductivity (f-IS/cm) 

The depths at which the measurements we~e made were not 
field. As illustrated in figure 8, the error associated 
measu~ement could be as fTUCh as lOOï.. 

noted in the 
the depth of 
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ELECTRICAL CONDUCTIVITY VS - DEPTH 
PII!:'ZOMIP!Te'R CJioll.0'1 ... 7 

10 ,--------------------~~~~~~~~---------------------------, 

8.8-

& -

e~ ··~ u . -
~E 
-~ 7.0 

7 -

I!L!:'-

~ 

1 • 
lwiETEF=I~/ TOP 601L 

Figure 9 GA0147 -
( m) 

Electrical conductivity (1J5/cm) vs depth 

Because of the unce~tainty in the electrical conductivity measu~err~nts 
for the delta, two statistical tests were made on the seasonal sample data: 

1) the "Wi lcoxO'l Rank-Sum test"47 permi ts 
seasonal samples (June 88, Oc:tobe~ 88, June 
rep~esent the same population (have the 
confidence leve!. 

one to determine 
89 and Oc tober 89) 
saiTIE' mean) , wi th 

if the 
could 

a 951. 

2) the "W1!coxon Si gned-Rank test "48 permi t=o one to determi'le if twc: 
samples, which could ~epresent the same population, have similar 
distributions, with a 951. confidence leve!. 

Samples which nepcesent the same population, and which have the same 
distribution, will contain the most significant elect~ical conductivity data 
for the delta. 

6.4.1 Wilcoxon Rank-Sum Test 

The seasonal samples (June 
tested in orde~ to determine if 
test which was used (Wilcoxon 
ecuaticn: 

wher-e: 

88, October- 88, June 89 and Octobe~ 89) we~e 
they ~ep~esent an identical populaticn. The 
Rank-sum Test) 1s based on the following 

W ~ afte~ assignment of ascending ranks to al! combined data (sample ~1 plus 
sample ~2), the sum per sample of assigned ranks. 

47 Pnderson and other, 1986, p. 589. 

~ Pnderson and other, 1986, p. 597. 
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... = 'i'*<') +1)+1)/2 

"• = ['1*'2 *<7+n 2+1)/12f 

The values of Z which resul t from the test are sh::wl in the table below. 
Z values between -1.96 and 1.96 indicate 95'l. confidence leve!s. 

Table #9: Wilcoxon Rank-Sum Test - Seasonal z values 

f"U\JTH JL.N:_88 OCT 88 JL.N:_89 OCT_89 

JL.N:_88 -2.87 -1.55 -1.37 
OCT88 -2.87 1.02 0.79 
JU\E 89 -1.55 1.02 0.05 
OCT_ËÏ9 -1.37 0.79 0.05 

The month of June 1988 does not satisfy the condition and, consequently, 
is not representative of the same population as the other seasonal samples 
(Cic:tober 88, June 89 and Oc:tober 89). The month of June 88 corresponds to the 
establishment of the electrical conductivity field measurement procedures for 
ail the observation points (wells and piezometers). 

6. 4. 2 Wi lcoxon 5igned--Rank Test 

The second test was to determine if the seasonal samples (Oc:tober 88, 
June 89) have similar distributions. 

This test was made on the aforementioned samples, first for data from 
wells and piezometers, then from piezometers only: 

sample Oc:tober 1988 June 1989 

1 wells + piezometers wells+ piezometers 

2 piezometers only piezometers only 

The difference between the electrica! conductivity values (>'5/cm October 
88 >'5/cm June 89) from the same sites were tested with the Wilcoxon methoc. 
At the 95'l. confidence leve!, the test results indicate that samples numbered 1 
in the table above came from the same population and that samp!es numbered 2 
came from the same population (dquifer). 

6.4.3 Electrical conductivity - differentiation by compartment 

The electrical conductivity data for the month of June 1989 were usee to 
illustrate the differences between the aquifer's upper and !ower compartments. 
lable #10 indica"les the distributions of electrical conductivity values, by 
category of 5000 ~5/cm, for the upper and lower compartments. 

The number of values for the upper compartment (146) is not the same as 
in tc.ble #8 (180') because some data were eliminated by the Wilcoxon 
statistical test (section 6.4.2). The test paired the data by measurement 
site for the two seasons (October- 88 and June 89). Unpa1red data (measurernent 
made at a site for- only one of the seasons) were eliminated. 

The two sarnples (aqui fer- upper an~ lower- compartments for­
tested with the Wilcoxon Rank-sum test to see if they could 
same population (have the same mean). 

49 A"lderson , 1986 , p . 592. 

June 89) were 
r-epresen t the 
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Table tHO: June 89- Distribution of electrical conductivity values in the 
aquifer's upper and lower- compartrne>nts 

CO\IDLCTIVITY CATEGŒlY LPPER LI:WëR 

0 to 5000 45.89"/. 59.49"1. 
5000 to 10000 14. 38"/. 13. 92"1. 

10000 to 15000 13.70% 11. 39"1. 
15000 to 20000 10.27% 3.80"1. 
20000 to 25000 0.68"1. O.OOï. 
25000 to 30000 0.68"/. O.OO'l. 
30000 to 35000 0.001. O.OOï. 
35000 to 40000 2.05% 2.53% 
40000 to 45000 3.42"/. O.OOï. 
45000 to 50000 2. 74ï. 2. 53'!. 
50000 to 55000 1.37"/. 2. 53"/. 
55000 to 600CJO 0. 68"1. 2. 53'!. 
60000 to 65000 2.05% O.OOï. 
65000 to 70000 0.68ï. 0.001. 
70000 to 75000 O.OO'l. o.ooï. 
75000 to 80000 0. 68"1. O.OOï. 
80000 to 85000 0. 68"1. 1.27ï. 
85000 to 90000 O.OOï. o.ooï. 
90000 to 95000 0.001. o.ooï. 
95000 to 100000 O.OO'l. O.OOï. 
ŒY[J\1[) O.OO'l. O.OOï. 

The essential statistics concer-ning the electrical conductivity values 
for- the aquifer's upper- and lower compar-tments are: 

STATISTICS upper- lower-

N..J18ER 146 79 
MIN. 165 85 
M'lX. 82800 81180 
AVERAGE 13136 9881 
STD. DEV. 17594 16332 
I"EDIAN 5950 2700 

The Wilcoxon (Rank-Sum) test indicates that the value of Z is 3.92. 

We can conclude, therefor-e, with a 95ï. confidence leve!, that the two 
samples do not represent the same population because the Z value (3.92) is not 
between -1.96 and +1.96. The water- in the aquifer·s upper- compar-tment is more 
conductive (sal>ne) than that in the lower- compar-tment (concentr-ation of salts 
by soil leaching, evaporation and evapotranspiration). 

6.4.4 Cartographie tr-eatment of the electrical conduct>vity data 

Ch the following page, the reader will find map #26 "Electr-ical 
cl:Tlductlvity - June 89 (1-JS/cm) - piezomet.er-s only - aquifer upper- compartment 
(co_8906t)", which indicates equal value contours for 1000 and 10000 j.JS/cm of 
electr-ical conductivity, r-epr-esentative of the aquifer's upper compar-tment. 

Chly measur-ements fr-om piezometer-s wer-e used to make the map because the 
wells sites are pr-eferentially selected by the villager-s for fr-esh water 
production (not randomly selected). Consequently, a r-epr-esentation of the 
actual distribution of electrical conductivity of the gr-oundwater- in the 
aqui fer· s upper compar-tment is best given by values of electrical conductivi ty 
from piezometers. 
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Thi5 map indicates zones of low electrical conductivity along a North­
South axi5 passing through Lac de Guiers and the town of Rosso as .....,)1 as near 
the northern and 50Uthern O...allo/Dieri limit5. The5e low conductivity zones 
5Urround a zone of high electrical conductivity in the central part of the 
delta. Discu55ion of seasonal or 5patial variations in electrical 
conductivity is not considered worthwhile in light of the poor quality of the 
field measurement data, as previously explained. The field measurement 
imperfections are limited to the delta. 

Table #11 lists the mathematical relationships~ between the electrical 
conductivity and T.D.S. (total dissolved solids) values. Use of these 
equations wi th the electric:al c:onductivi ty values for the mon th of Q:tober 88 
permitted the development of map #27 "TDS (calculated) - Total Dissolved 
Sol ids (mgll) - October 88 (based on electrical conduc:tivity) (tds_8810)". 
This map c:an be c:ompared to map #15 - TDS for the period 1987-1988, which was 
developed from laboratory analysis results. 

Table #11: Electrical conductivity/mineral content relationships 

CO\IDLCTIVITY (iJS/cm) X CCJ\ISTA'\JT ; Mli\ERAL CO\ITENT (mg!l) 
iJS/cm 

CDNDLCT. <50 x 1.365079 ~ MINERAL CONTENT (mg/)) 

50< CO\IDLCT. <166 x 0.947658 ~ Mli\ERI'L CCJ\ITENT (mg/1) 
166< CO\IDLCT. <333 x 0.769574 ~ Ml 1\ER!'L CO\ITENT (mg/1) 
333< CCl\IDLCT. <833 x 0.715920; MII\ER!'L CO\ITENT (mg!l) 
833< CO\IDLCT. <10000 x 0 • 758544 ; MI 1\ERI'L CO\ITENT (mg/!) 

10000< CO\IDLCT. x 0.850432 ; MII\ER!'L CO\ITENT (mg Il) 

The two data sets (TDS-laboratory and TDS-calculated with table #11 
equations for October 88) were ~1tested to see if they represent the sarre 
population Wilc:oxon Rank-sum Test· (see section 6.4.2). 

The essential statistic5 concerning the laboratory and c:alculated TDS 
values are: 

STATISTICS 

I\U"'BER 
MIN 
MAX 
AVERAGE 
STD. DEV. 
MEDIAN 

TDS_LABO TDS_C!'LC 

74 
195 

50490 
14176 
15135 
7980 

192 
104 

42522 
10511 
11431 

5310 

The Z value calculated with the Wilcoxon test is 1.81. 

We may cane lude, Wl th a 95ï. confidence leve!, that the tv..o samples 
represent the same population. Therefore, the electrical conductivity field 
measure~nts may validly be used to develop a map of Total Dissolved Solids 
(mg/1), based on the mathematical relationships shawn in table #11. (see map 
#27 on the next page). 

Map #27 corroborates map #15 (TDS) whic:h was developec from laboratory 
results. It indic:ates the existence of fresh water zones (TDS values of 1000 
mg/!) on the north and south borders of the delta, a brackish water zone (1000 
mg/l < 10,000 mg/!) between the Dieri and the central part of the delta, and a 
saline water zone (TDS > 10,000 mg/1) in the central part of delta which 
coincides with the river channel during the !nchirrian epoch (see annex #3, 
Inchirrian sediments, structure contour map of the upper surface). 

50 Radier, p.65. 
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7 EVPLUATICI\J CF RE~S ~ LQ3SES (for- year- of 1988) 

This chapter deals with gr-oundwater recharge lfnd flow within the limits 
of the delta. Two set-ernes were proposed by Filippi . These arE': 

* vertical watE'r- movements: r-ainfal! infiltration (inflow) and 
E'vapor-ation (outflow) within thE' confinE's of thE' dE'lta, 

* hor-izontal watE'r movements: infiltr-ation through the banks of 
watercourses and canals~ 

The flatnE'ss of the land and the constantly neegativE' poteentiometr-ic 
surfaces (~-o. 7 m ASL in June 88, and ~-o.z m ASL in OctobE'r 88), E'XCE'pt along 
watE'rcourses and inside irrigated perimeters (~-0.3 m ASL in June 88 and ~+0.4 
m ASL in October 88) arE' not conducivE' to horizontal percolation of 
groundwatE'r (SE'E' section 6.2 of this rE'port). 

Filippi identified the infiltration and exfiltration mechanisms from 
piE'zometric obsE'rvations made by Audibert in 1969 (6 month flood period) in 
the vicini ty of Roncq and Diaouar on the lE'ft bank. ThE'n, wi th the BRGM mocE'l 
CVTDl), mocified to incorporatE' an evaporation function, he reconstructed thE' 
1969 piE'zometric profilees in ordE'r to dE'tE'rminE' thE' river-watE'r- table 
rE'lationship. He uSE'd the followiqp hydraulic parameters in his calculat~s: 
hydraulic conductivity, K=2.0 * 10- m/s and storagE' coefficient, 5=4 * 10 . 

The pr-oject consider-s thesee ::rlues to be tao high. _Jhe values pr-opoSE'd 
by_ thE' projE'Ct are: K = 4.4 * 10 cm/sec +/- ~ = 4 * 10 cm/sE'c and 5=4 * 
10 4• The values usedp wi th the BRGM mocel, greatE'r than oo...ws, led to an 
overestimation of thE' distancE' to which thE' r-ivE'r influencE's the watE'r tablE', 
and gavE' credibility to thE' safety factor used by Filippi (f=2). 

The BRGM mDCE'l, pr-oposed by Vandenbeusch, was not availablE' to the 
projE'Ct, tt-us an E'Valuation of the phE'nomena could not be made in the same 
way. On thE' othE'r- hand, the monitoring of 7 transverse piezometer- lines 
(annex #8, figures 1 to 6), situated on bath banks of thE' river-, during 1988 
and 1989, permitted direct observation of piE'zometr-ic profilE' fluctuations 
bE'tween thE' river- and thE' lar-ge ir-r-igated perimeters (annex #B, figure 5 and 
annex #9, hgur-E's 2 and 4) . 

The following chaptE'r sections pr-esent a thecretical discussion of the 
current phenomena, allowing one to evaluate the relative importance of each 
phE'nomenon (infiltration, evaporation) individually (not intE>r-r-elated). 

7.1 Inflow from rainfall and irrigation 

An estimation of thE' total annual inf!ow to thE' aquifer- from water 
infiltration (rainfall and irrigation) was attempted for the delta for the 
year 1988 by examination of the maps "Water table variations between June and 
Oc tober 88" ( see maps #22, ll23) • 

Here are a few useful reminders pertaining to reference year 1987~: 

1) for thE' r-efer-ence year-, the cultivated land area (SC) was 102.7 k~ ~ 

52 Filippi, 1984, chap. 2.2, p. 6. 

53 From the CJ"'VS/CEPC da ta base. 

~Ref.: PES, 1989, p. 23 and 25, del ta reegion. 
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2) the rate of increase~of the net irrigable area 
right and left banks of the Senegal River, for the 
rate is applied to the cultivated land area (SC) of 
the corresponding area for the year 1988. 

(SNI) was about 7ï. for the 
period 1975- 1987. This 
19987 in order to estimate 

3) the theoretical water requirements for rice production (global water needs) 
per unit ~ land area, for the different agricultura! seasons, and for various 
soi! types• are summarized in table #12: 

Table #12: Global water requirements (rice production) 

CRCPPING CYCLE GLOBAL WATER REQUJREMENTS M3/HA 
SEASa\1 DAYS ( 1 ) (2) (3) 

HJV 95 8,400 11,200 13,400 
esc 120 13,500 18,100 21,800 
CSF 155 13,900 19,000 23,200 

LEGEND 
CODE SOJLS TYPJCAL GRAI\U...CJ"ETRY 

(1) HOLLALDE 55 ï. < ï. CLAY 
(2) FAUX ro_LALDE 30 ï. < ï. CLAY < 55 ï. 
(3) FONDE ï. CLAY < 30ï. 

The table above describes the global water requirements for rice (net 
requirements + !osses). "The net water requirements of crops grown according 
to the procuc tl on ca!E'Cldar dEpeCJd on! y on the variety planted (dE'velopment 
stagE', anatomy, physiology, color, expected production) and the climate 
(humidity, temperaturE', wind, sunshinE' .•. ), The global water requirements 
(net requirements + !osses) depend, as well, on the irrigation system 
(gravity, pressurized, sprinkler, drip, ••• ) and sail type (ï. clay, 
impermeable l~r) which affect water !osses (percolation, evaporation, 
diffusion ... ) . " 

4) the ~stribution of cultivated soils for the entire Senegal River valley, 
per bank is as follows: . 

* for the left bank, 

* 59 ï. soils HDLLALDE * 24 ï. soils FAUX HCLLALDE * 17 ï. soils F[J\JDE 

* for the r1ght bank, 

* 53 ï. soils Ha~LALDE * 21 ï. soi ls FAUX HOLLALDE * 26 ï. soi 1 s F[J\JDE 

This distribution is considered representati,'E c.f thE dElté!. 

55 Ref.: PES, 1989, p. ii. 

~ Dachraoui, page 17. 

57 Dachraoui, p. 17. 

~Ref.: PES, 1989, p.38. 
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5) for- t~ distr-ib.Jtic:n of soils (estimation for- 1987), the estimat..cl volume 
of water necessary for ir-rigated rice production in the delta during the 
rainy season (assuming ~at 100% of thE cultivated land area is in r-ice 
production) is 9.77E+07 m • This volume of water corresponds to a hEight of 
water of 951 mm, to which is added the precipitation (242 mm in 1988), for a 
grand total of 1193 mm within thE limits of thE large irrigated perimeters. 

Al evaluation of thE volume of water infiltrating thE aquifer (Vr : 
effective aquifer- recharge) is estimated with thE following for-mula: 

where: 

A ; sur-face area corcerned by the evaluation (km2 ) 

Dhaax ; maximum water table r-ise (m), deduced fr-om thE maps of water- table 
and potentiometr-ic surface variations, June-Oct 88 - (inside and 
outside thE perimeters) 

5 : coefficient of storage (dimensionless) 

This for-mula 
(V,u) and confined 
per1meters. 

can be applied to unconfined 
aqui fel' zones (V rf inside 

aquifer zones (water tables) 
and outside the irrigated 

The percentages of thE delta land area corresponding to 
zonEs (Ac) and to unconfined aquifer zones ("tl vary with thE 
listed in section 6.3 of this r-eport. 

confined aquifer 
seasons and are 

ThE values of the coefficient of storage, 5, are: 4*10-4 for confined 
aquifer- zones (see section 5.1.2) and 0.15 for unconfined aquifer zones 
(corresponding to average thecretical values (5) for fine-grained sands and 
silts) (see section 5.1.2). 

Table #13: Estimation of surface infiltration in irrigated zores (ip) 

total a rea (58) 4343.8 km2 

cul tivated a rea (SC) 102.7 kd = 1987 
cul tivated a rea (SC) 109.9 kd = 1988 
water table area (1\ ) 45.00% of dry seasdfl a rea (58) 
confined aquifer area (Ac ) 55.00i'. of dry season area (58) 

The area of the delta having a shallow aquifer subject to rainfall 
infiltration is 3883 km2 • This corresponds to: 

59 Ref.: PES, 1989, p.35. 

Il! See sectic:n 6.3 of this r-epor-t. For- the calculatic:ns, we corsider that 
the area percentagPS Al and Ac are the same ïnsïde and outside the perimeters. 
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whe.>re: 

Total area 
Cultivated area 
Area61 Lac de Guiers 
Area 62 Senegal River 
Area watercourses 

DELTA REGION 

(58) 
(SC) 

(A ) = 
(Ag ) = 

(~iv) = 

Dh~, 
<• 

= 4348.8 
= 109~9 

275 
51 
30 

s 

ZONES 1988 

NATER TABLE (Yru ipl 0.70 !.50E-OI 
CONFINED AOUIFER (Yrc=~l 0.47 4.00E-04 
TOTAL (Yr_i NA NA 

kd 
km2 

knf (if Z = 1.80 m ASL) 
knf 
kJ = approximati01 

Vr_ip (Y rriV(Y t_ip 1 

(Al~, 151 

T, ij 
1 /jr 

5.19E+06 3.96t 
1.14E+04 O.Olt 
5.20E+06 J.m 0.50 

Table #14: Estimation of shallow 1nfiltration in non-irrigatec zones (op) 

DELTA REGION D'l,., s \cp (Y,.,fi(Yt_cp 1 r, og 
(1) 1 lir 

lONES 1988 (AID'I,., ISI 

NATER TABLE (Yru op1 0.47 !. 50E-01 1.20E+08 13.14% 
CCNFINED AOUIFER (Yrc-~1 0.34 4.00E-04 2.82E+05 0.03X 
TOTAL (Yr_~p NA NA !.20E+OB 13.17t 0.53 

The c:olunns markec (Vr iJI(V t ip) in table #13 and. <V, 00 )/(Vt 
00

1 in table 
#14 indicate the percentagëVolu~ 1nf1ltratec water w1th-fegardrto the total 
volume (Vt) available for the case c~sidered: irrigatec zones (Vt_ip = 1.31E+08 
m3 , non-irrigated ( vt_cp = 1.02E+09 m"). 

Thus: 

*in irrigatec zones (water table), 3.96% of the total volume (rainfall 
+ irrigation) joined the water table by vertical infiltration. This 
represents 47.2 mm of the 1193 mm available. If we assume an 
agricultural cycle of 95 days, the rate of vertical infiltration (Tri~ 
would be 0.5 mm/day. 

* in non-irrigated zones (water table), 13.14% of the total volume 
(rainfall) joinec the water table by vertical infiltration. This 
represents 31.8 mm of the 242 mm available. If we assume an 
infiltration period (number of days of rainfall and ponding) of 60 days, 
the rate of vertical infiltration (Tr_o~ would be 0.53 mm/day. 

* in 1rrigated and non-irrigated zones (confined aquifer), Jess than 
0.03% of the total available volume joined the aquifer. 

61 See section 2.1 of this report. 

~ See annex #1, of this report (length X average width). 
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These numbers reveal the aquifer's capacity to store a real volume of 
water. 

In a water table zone (unconfined aquifer) the unsaturated volume, 
corresponding to the effective porosity, is capable of storing available 
water. Access to this storage zone is controlled by the vertical hydraulic 
conductivity and the volumes stored are a function of time. The stored water 
is generally fresh or weakly mineralized and constitutes a temporary reservoir 
before being Jost through evaporation. 

In a confined aquifer zone, the aquifer does not effectively store more 
water but rather the hydrostatic pressure inside of it increases with the 
ambiant conditions, regardless of time. 

7.2 Inflow- lateral infiltration through river and watercourse banks 

The seasonal horizontal hydraulic gradient for the period 1988-1989 was 
investigated through 6 piezometer lines, transverse to the banks of the 
Senegal River, on both the right and left banks. These lines are coded L1 to 
L7 (see map #4 Jocalizing the OMVS network points, section 3.5). 

anne x 
These 
#8. 

lines are described in term of MTu-X and MTu-Y coordinates ~n 
The corresponding geological sections are in annex #48. 

The spacing between piezometers along these Jines is short (metric) and 
the maximum perpendicular distance of hydrogeological observation from the 
banks of the Senegal River is Jess than 5 h lometers and generall y Jess than 3 
kilometers, i.e., twice the theoretical influence length as calculated in the 
simulation done by Fillipi, 1984. 

Except for line L1, the hydraulic gradients apply to the aquifer's upper 
compartment. 

The seasonal piezometrie profiles are included in annex #8, figures 1 to 
7). The profiles indicated in these graphies were calculated by the computer 
following geostatistical treatment (Kriging) of the field measurements. The 
number of observatia ... l points located en or near tt-e piezaneter lines ~s 

indicated in table #15. This table also presents information about the 
hydraulic conductivity at each of these observation points, their position 
(km) along the X axis and their intake depths. These graphies result from the 
combined use of Surfer and Grapher software. 

The ordinates of the graphs in annex 10 correspond to hydraulic head. 
The abscissas correspond to distance from the river and the 0 (zero) value 
coincides with the hydraulic head measured in the center of the Senegal river 
bed for the season concerned. The ground surface topographie proflles (from 
the topographie maps ~n section 2.2) are superimposed on the piezometrie 
profiles. 

Al! these profiles (piezometrie and topographie) 
geostatistical reality without being completely exact. 

reflect the 

Table #15 lists the 
to L?) as well as their 
River, 

piezometers related to each piezometer profile (L1 
respective distances from the center of the Senegal 
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Table #15: List of piezoneters by piezoneter line (L1 A L7) 

LillE 
# 
L1 
L1 
L1 
L1 
L1 
L1 
L1 

L2 
L2 
L2 
L2 

L3 
L3 
L3 
L3 

L4 
L4 
L4 
L4 
L4 

L5 
L5 
L5 

PlElO 
# 

GA0021 
GA0022 
GA0023 
GA0025 
GA0026 
GA0027 
GA0028 

DA015 
DA016 
DA017 
DA018 

DA019 
DA020 
DA021 
DA027 

GA0012 
GA0014 
GA0015 
GA0017 
GA0018 

GA0034 
GA0037 
GA0039 

L7 DA059 
L7 DA060 
L7 DA061 

MTU-X 

351.7 
351.7 
351.7 
351.3 
351.3 
351.6 
351.7 

348.8 
349.0 
349.2 
349.5 

350.1 
350.3 
350.5 
350.8 

357.9 
358.1 
358.3 
357.5 
358.8 

366.3 
366.2 
366.5 

400.6 
400.4 
400.7 

MTU-Y 

1792.9 
1792.8 
1792.8 
1792.0 
1792.0 
1791.4 
1790.9 

1796.5 
1796.4 
1796.3 
1796.2 

1802.1 
1802.1 
1802.0 
1802.0 

1803.0 
1803.0 
1803.1 
1803.1 
1803.2 

1826.3 
1826.8 
1825.7 

1825.5 
1825.9 
1825.3 

ELEV 
mASL 

3.70 
3.01 
3.05 
3.93 
3.91 
4.22 
4.83 

1.77 
1.63 
1.63 
1.60 

3.02 
2.60 
1.51 
1.45 

1.38 
1.39 
1.53 
1.41 
1.33 

0.92 
2.11 
0.92 

3.15 
3.53 
2.28 

DlST 
KM 
0.10 
0.13 
0.13 
0.80 
0.80 
1.50 
2.00 

2.80 
2. 70 
2.60 
2.50 

3.50 
3.30 
3.10 
2.80 

0.23 
0.28 
0.50 
0.82 
1.25 

1.20 
0.43 
0.46 

0.40 
1.10 
0.20 

INTAKE KK 
DEPTH Cm/sec 
13.00 >1.0E-3 
19.00 >l.OE-3 
13.00 1.1E-3 
21.00 6.5E-4 
14.00 3.1E-4 
14.00 Nil 
17.00 Nil 

5.00 >l.OE-3 
6.00 >l.OE-3 
6.00 >l.OE-3 
6.00 >1.0E-3 

7.02 
6.86 
7.00 
5.50 

5.15 
4.86 
5.05 
4.99 
5.00 

9.95 
7.95 

10.46 

3.1E-4 
>1.0E-3 
1.1E-3 
1.0E-3 

2.1E-5 
7.8E-5 
7.8E-5 
2.9E-4 

>LOE-3 

l.BE-4 
>l.OE-3 
3.4E-5 

5.00 >l.OE-3 
5.00 >l.OE-3 
5.00 >LOE-3 
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Table #16 lists for each of the lines (L1 to L7), by season, the type of 
aquifer in which the fluctuations were observed, the thickness of the clay 
layer covering the aquifer (if there is one), the water leve] of the river, 
the distance to which the watercourse was observed to influence the adjacent 
aqui fer, and the gr-anulometr-ie description of the for-mation tapped (dominant 
class only). 

The distance from the banks of the r-iver- to which the river's water 
leve! has an influence, as obser-ved in the field, corr-esponds to the distance 
at which the hydraulic gr-adient Dh(June) is about equal to Dh(Dctober-) or- else 
the d1stance at wh1ch v

0 
(June) is about equal to ~ (October-) . 



Table 116: Transverse piezo1eter !ines 

1 TVPE 1 ASL 1/ll k1 ~ATER ELEVATION CODE CLAY 
LINE BANK SEASON AGUIFER RIVER l hor INFLUENCE DRY RAINY AGUIFER SEOL SRANULO~ETRY THICKI~I 

LI LB 06/BB UNCONFINED 0.39 
LI LB 10/BB UNCONFINED 0.97 
LI LB 06/89 UNCONFINED 0.30 
LI LB 10/B9 UNCONFINED 1.92 

L2 RB 06/88 CONFINED 
l2 RB 10/BB CONFINED 
L2 RB 06/89 CONFINED 
L2 RB 10/89 CONFINED 

0.39 
0.97 
0.30 
1.92 

L3 RB 06/88 UNCONFINED 0.39 
L3 RB 10/88 UNCONFINED 0.97 
L3 RB 06/89 UNCONFINED 0.30 
L3 RB 10/89 UNCGNFINED 1.92 

L4 LB 06/BB CONFINED 
L4 LB 10/88 CONFINED 
L4 LB 06/89 CONFINED 
L4 LB 10/89 CONFINED 

L5 LB 06/88 CONFINED 
LS LB 10/88 CONFINED 
l5 LB 06/89 CONF 1 NED 
LS LB 10/89 CONFINED 

0.39 
0,97 
0.30 
1.92 

0.39 
0.97 
0.30 
1.92 

l7 RB 06/BB UNCONFINED 0.39 
L7 RB I0/88 UNCONFINED 1.60 
L7 RB 06/89 UNCONFINED 0.30 
L7 RB I0/89 UNCONFINED 1,92 

1.68 
1.96 
2.10 
2.20 

0.05 
0.33 
0.20 
1.00 

0.19 
0,37 
o.20 
1.10 

2.5 
2.5 
2.0 
2.0 

1.9 
2.0 
2.4 
2.0 

3.2 
2. 7 
3.4 
2.0 

-2.6 
-2.6 
-2.6 
-2.6 

-0.2 
-0.2 
-0.2 
-0.2 

-0.2 
-0.2 
-0.2 
-0.2 

0.00 0 NA NA 
NDT "EASURED; FLOODED 

0.00 0 NA NA 
NOT "EASURED; FLOODED 

0.60 
0.80 
0.50 
1.70 

o.oo 
1.45 
o.oo 
1. 74 

1.0 
1.0 
1.0 
1.0 

1.1 
1.1 
1.1 
1.1 

-0.2 
-0.2 
-0.2 
-0.2 

0.3 
0.3 
0.3 
0.3 

From this table, we may conclude that: 

-2.4 LONER IN FINE SAND 
-2.4 LOWER IN FINE SAND 
-2.4 LOWER IN FINE SAND 
-2.4 LOWER IN FINE SAND 

0.2 UPPER NK FINE SAND 
0.2 UPPER NK FINE SAND 
0.2 UPPER NK FINE SAND 
0.2 UPPER NK FINE SAND 

0.2 UPPER NK ~EDIU~ SAND 
0.2 UPPER NK ~EDIU~ SAND 
0.2 UPPER NK ~EDIU~ SAND 
0.2 UPPER NK "EDIU~ SAND 

UPPER NK FINE SAND 
UPPER NK FINE SAND 
UPPER NK FINE SAND 
UPPER NK FINE SAND 

0.3 UPPER NK FINE SAND 
0.3 UPPER NK FINE SAND 
0.3 UPPER NK FINE SAND 
0.3 UPPER NK FINE SAND 

0.3 UPPER NK "EDIU~ SAND 
0.3 UPPER NK "EDIU~ SAND 
0,3 UPPER NK "EDIU~ SAND 
0.3 UPPER NK "EDIU~ SAND 

0 
0 
0 
0 

2 
2 
2 
2 

0 
0 
0 
0 

2 
2 
2 
2 

2 
2 
2 
2 

0 
0 
0 
0 

1) regardless of season, during the period of observation 1988-1989, the 
horizontal hydraulic gradient was always positive, i.e., oriented from 
the river towards the adjacent aquifer. Within the confines of the 
delta, as sea1 from piezometer installations Ll through L7, the aqu1fer 
does not contribute ta the river flow. 

2) the distances (perpendicular to the river bed) ta which the r1ver 
influences any piezometer line, a~e constant, regardless of season. 

3) depe:~ding on the piezometer· line, these influe;-lCE di=-tances var; from 
1 to 2.5 kilometers, except for !ines L2 and L3 for which a ponding zone 
(about 2 kilometers) separates the river from the piezometers. 

3) the horizontal hydraulic gradients in the zones influenced by the 
river vary from 0 to 2.20 m/km. 
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7.2.1 Horizontal interstitial flow velocity 

The sediments tapped by the DMVS piezometer network have law values of 
hydraulic conductivity~ The horizontal flow velocities were calculated with 
the following formulas : 

v = q/n 
n 

whe?re: 

vn = 
q = 
n = 

average interstitial flow velocity (m/year) 
specifie discharge or Darcy velocity (m/year) 
effective porosity, or specifie yield in unconfined aquifers, 
(dimensionless) 

where: 

K = hydraulic conductivity (cm/sec) 
Dh = hydraulic gradient (dimensionless) 

The range of possible values of ~ and Dh 65 in the limi ts of the del ta 
are presented below. The range of hydraulic gradient values is suitable for 
the right and left banks of the river and of its sloughs. Elsewhere in the 
delta, the hydraulic gradients are practically nul!, thus the horizontal flow 
velocities can be considered nul!. 

K 

K min 
K( ~- K 0) 

fK;. + K 0) 
Km.!~ x 

values units 

l.OOE-05 cm/sec 
4.00E-05 cm/sec 
4.40E-04 cm/sec 
8.40E-04 cm/sec 
l.OOE-03 cm/sec 

Dh 

Dh 
Dh 0.5 
o~·o 
Dh .S 
o~·o 

2.5 

values m/km 

0.5 m/km 
1.0 m/km 
1. 5 m/km 
2.0 m/km 
2. 5 m/km 

Tables #17 through #19 show the 
various porosities: 

vn (m/year) values calculated for 

Table #17: average interstitial flow velocity v n (m/year), if n = 0.08 (si 1 tl 

parameters K min ( Kp - ~) Kp (I<'~+K0 ) Kmax 

g~.s 0.02 0.08 0.87 1.66 1.97 
0.04 0.16 1.73 3.31 3.94 

D~fo 0.06 0.24 2.60 4.97 5.91 
m~·s 0.08 0.32 3.47 6.62 7.88 
o~·o 0.10 0.39 4.34 8.28 9.86 .s 

~Ref.: Todd, 1980, p. 67. 

04 See section 5.1.1 of this report. 

65 See annex 8, piezometrie profiles coded L1 to L7. 
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Table #18: average interstitial flow velacity vn (m/year), if n = 0.15 (sand 
and si 1 t) 

parameters 

g~.5 
ot-t·o 
ot{-5 
o~·o 

1.5 

K min 

0.01 
0.02 
0.03 
0.04 
0.05 

(1~-K,) 

0.04 
0.08 
0.13 
0.17 
0.21 

~ 
0.46 
0.93 
1.39 
1.85 
2.31 

(Kp + K,> 

0.88 
1.77 
2.65 
3.53 
4.42 

Kmax 

1.05 
2.10 
3.15 
4.20 
5.26 

Table #19: average interstitial flow velocity vn (m/year), if n = 0.23 (fine 
grained sand) 

parameters 

g~.5 
Dhl.O 
ot{-5 
o~·o 

1.5 

K min 

0.01 
0.01 
0.02 
0.03 
0.03 

<'),- K,J 

0.03 
0.05 
0.08 
0.11 
0.14 

~ 
0.30 
0.60 
0.90 
1.21 
1.51 

(Kp + K,) 

0.58 
1.15 
1. 73 
2.30 
2.88 

Kmax 

0.69 
1.37 
2.06 
2.74 
3.43 

We see fran these tables that as the porosi ty decreases the horizontal 
flow velocity increases. 

flood 
right 

The limiting values for hydraulic gradient Dh20 
per-iod or- ttre water level maintained by Diamb !Jâ.-n 
bank dike) and for a porosity of 0.15 (value used 

vn ( Kmin, Dh l.() n=0.15) = 0.04 m/an 

vn (Kmax, Dh 2.6 n=0.15) = 4.20 ml an 

(corr-espondinq 
upon CD1lpletion 
by the project) 

to the 
ui the 
ar-e: 

Influence 7.2.2 
riverbanks 

distances and volumes of water in fil trating through the 

The water leve! fluctuations of the Senegal River and its branches cause 
piezometrie surface fluctuations in the adjacent aquifer. 

Tocd (1980) proposes the following formulasM to evaluate: the 
relationship (h/h0 ) at sorne distance of influence from the bank, the lag time 
(tl) between attalnment of the maximum sudace water leve! and the effect on 
t~ piezometrie surface at sorne distance from the bank, and the volumes 
infiltrating per- meter of stream bank (V,) . •• 

hl ho= e ·xi•IS/tOIT)~ 

[- = x*it0 *SI4*nH)~ 

V ~* (2Ho *SH /rr)~ 

These equations are based on theory but they per-mit a good approximation 
of the phenanena. 

The various parameter-s ar-e 1llustrated in the following sketch. 

M -Tocd, 1980, p. 242 247. 
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x 
n~ 
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l!i 

::.::~:::::.::::::::::::::::::::::::::::::::::::::::::~;~:::::::::::::::::J!! 

iil!lliii!,i~1t::~::~l~)l·l·l:l!l!: 
Fr-cm the sketch and the equations above: 

max • 1 eve- l 

mean level 

m1n. leve>l 

orthogonal distance from the bank of the watercourse (m) 

the amplitude (m) or- the half-height of the total surface water level 
fluctuation (max. level- min. level) 

period of oscillation of the surface water (days) 

coefficient of storage (dimensionless) 

coefficient of transmissivity (m2/sec) 

aquifer thickness (m) 

lag time (days) 

The hydraulic parameter values usee in the calculations (section 5.1.1 
and 5.1.2 of this report) are: 

E = 
K = 
s = 

T = KE = 

8 m 67 
4.00E-04 cm/sec (slug test) 
4.00E-04 (fypothetical for confined aquifer) 
3.20E-D5 m /sec 

These parameters are the constants in the Todd equations. 

The ver-iat1le-=-. in the Todci equations ar-p esser~tial1y tl-re paramEtPr-s X ancl 
t 0 . The results of the calculations are shawn in the double-entry taules #20 
to #23. 

67 See map #7 - structure contour map of the aqui fer' s upper compartment. 



Table #20: Values of h/ho - vs. - oscillaticn period 

hl ho~ e ·xldSitOITII 

If t 0 = 2 da ys 30 days 120 days 
X (m) VAL LES of hl ho 

10 86.01ï. 96. 18"/. 98 .07ï. 
100 22.15ï. 67.76ï. 82.31ï. 

1000 O.OOï. 2.04ï. 14.28"/. 
2000 O.OOï. 0.04ï. 2.04ï. 
3000 o.ooï. o.ooï. 0.29ï. 
5000 O.OOï. O.OOï. 0.01ï. 

10000 O.OOï. o.ooï. o.ooï. 

Table #21: Lag-time (tl = days) -vs. - oscillaticn period 

tl = x*l1:o*514h*T)' 

If t o.= 2 days 
X (m"J 

10 0.05 
lOO 0.48 

1000 4.80 
2000 9.60 
3000 14.40 
5000 23.99 

10000 47.99 

30 days 120 days 
VALUES of tl (days) 

0.19 0.37 
1.86 3.72 

18.58 37.17 
37.17 74.34 
55.75 111.51 
92.92 185.85 

185.85 371.69 

Table #22: Volurres of water infiltrating per meter stream bank (V11 = m3 /m) 

V = 'b *12*to*SH/Tl)l 

If t 0 = 2 da ys 30 da ys ~ 120 da ys 
h VCLU'E IIIFIL TRATIM3 (ntïm) 0 

0.50 0.02 0.07 0.15 
1.00 0.04 0.15 0.29 
1.50 0.06 0.22 0.44 
2.00 0.08 0.29 0.58 
2.50 0.09 0.36 0.73 

Table #23: Total volumes of water infiltrating (V = ml) 

river length IL) : 115 km 
stream bank length (2L): 230 km 

v = to* 12n0 *SH /rr "*2L 

l f t 0 = 2 da ys 30 da ys 120 dfYS 
Cj, VCLU"E INFILTRAT!f\13 (ni) 

0.50 
1.00 
1.50 
2.00 
2.50 

4.32E+03 
8.63E+03 
1.29E+04 
1. 73E+04 
2.16E+04 

1.67E+04 
3.34E+04 
5.01E+04 
6.69E+04 
8.36E+04 

3.34E+04 
6.69E+04 
l.OOE+05 
1.34E+05 
1.67E+05 
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Though these equaticns are here shcw1 for th~ case of a ccnfinee 
aquifer, they may aise be appliee to an unccnfinee aquifer if the amplitude of 
the water table fluctuation is small compared with the aquifer thickness. 

The interpretation of the resul ts shcw1 
the case of t. = 120 days which correspcnds 
observee in 1 ~ ( see figure 1) . 

in tables #20 and #21 applies to 
weil to the osci !la tien period 

Table #20 indicates that for any amplitude of surface water fluctuation, 
the variation in the piezometrie surface will not be greater than 14.28% at a 
distance of 1 km from the bank, and not more than 2.04ï. at 2 km. These 
calculatee values are coherent wi th the influence distances observee in the 
field from the piezometers !ines (see annex #8, fig. L1 to L7, and section 
7.2, table #16). 

The lag times 
and when the maximum 
days at 2 km. 

between when the maximum surface water leve! is reached 
piezometrie variation is notee are 37 days at 1 km and 74 

For the same oscillation period (120 days), the voJumes of infiltrating 
water (V01=m ;(ml vary from 0.15 rrt'!m (h .;=ü.5m) to 0.73 m /m (tF2.5m). These 
values or H0 correspond to the range of water Jevels at wh,ch the Senegal 
River might be maintained. 

These speci fic volumes of water (0.15 ~/m an~ O. 73 rq/m) corfespcnd 
respective!y to total infiltrating volumes of 33 0400 m and 187,000 ~ along 
bath banks of the river (maximum width of infiltration corridor is 2 km along 
each bank)~ Tre volumes are negligible and the land a rea in tœ influence 
zone is 330 km , that is, 7.5o//. of the total delta surface area. 

since: 
The calculations shcw1 in tables #20 to #23 are> only an estimation 

1) the hydroge>ological candi tians to which t~e formulas are here 
appliee do not correspcnd exactly to the t~retical conditions for 
which the equations were developed. For example, the piezometrie 
surface is not flat as the theory assumes nor are the surface water 
leve! fluctuations exactly sinusoidal. 

2) the volumes of water evaporated are not taken into consideration. 

In conclusion, the inflows from infiltration to the upper aquifer 
compartment in the delta (unconfined and confinee) are: 

11\FUJ,o,JS W 1 an ï. Total 

RAHFALL + JRRIGATIOI~ 

IRR!GATED ZIJ\ES 
52.00L+05 4.15ï. 

RAJI\FALL 1200.00E+05 95. TZI. 
N:J\1- IRRIGATED ZCJ\ES 

STREAM BANK INFILTRATION 1.67E+05 0 .13"/. 

TOT A... 1253.67E+05 100.00% 

These numbers i'ldicate tre preponderance of the vertical inflows to the 
horizontal inflows in the hydraulic exchanges. Infiltration through the 
stream banks is insig ....... ificant in cornpariSCJr"• to infiltration of rainfall. It 
is important to note that in irrigated zones the infiltration of irrigation 
water represents 50% of the total calcu!ated infiltration volume. The 
effectiveness of this source "s relatee to time of application of irrigation 
v.:,:-;+-P". Tfto ~,T..-1?-"'""'i" c;-f a.-,~·:~,:1~ ·--"" :c.<J-""C:""r 7'""..- VPf'."' :-·;~1 C~Y~-trihr·tp 
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Table #25: List of piezDI'TlE'ters by piezometrie line (LB ta L12) 

LJ~[ PJUCJ MIU ), MTU-Y lLFV. DI Si. Jr--:1 h<E H 
# # M (ASL) KM DEP1H(M) D"l/&C 

LB DA039 406.2 1B27.2 2.28 1.10 12.00 >l.OE-3 
LB DA040 407.5 1827.3 2.82 1.40 5.08 N/1 
LB DA043 40f:l.5 1827.1 2.63 1. 70 5.00 2.7E-4 
LB DA044 408.7 1B28.2 1.69 2.80 11.00 2.2E-4 
LB DA045 408.B 1B26.2 2.50 1.20 7.00 >LOE-3 
LB DA046 409.7 1B27.1 2.77 2.40 7.00 >LOE-3 

L9 DA047 409.6 1825.4 3.04 1.20 7.00 4.4E-4 
L9 DA049 410.B 1826.2 1. 78 1.30 5.00 >LOE-3 
L9 DA0 50 411.4 1B25.2 2.64 0.20 6.00 )l.OE-3 
L9 DA051 411.5 1827.B 1.96 2.80 10.99 NI! 

LlO GA0051 388.6 1B16.5 1.36 5.00 5.20 N/1 
LlO GA0052 384.B 1B15.B 1.60 6.00 4.B5 4.1E-4 
LlO GA0053 385.7 1B16.5 1.32 5.50 5.10 1.3E-4 
LlO GA005B 384.3 1816.9 1.40 5.50 4.95 >LOE-3 
LlO GA0062 382.9 1B16.4 1.63 6.50 5.10 8.6E-4 
LlO GA0063 381.5 1B16.0 1.74 B.OO 5.10 6.5E-5 
LlO GA0064 380.B 1B16.6 l.B3 7.80 5.07 l.BE-4 
LlO GA0065 37B.9 1B16.B 1.29 9.00 5.06 4.2E-5 
LlO GA0067 37B.7 1B15.6 1.08 0.38 4.B5 N/I 

Ll1 GA0047 38B.O 1B20.6 2.13 1.1B 5.05 2.2E-4 
L11 GA004B 388.0 1B20.B 2.11 1.19 4.B5 2.3E-4 
Lll GA0049 388.0 1B20.B 2.04 1.17 5.10 6.6E-4 
L11 GA0050 388.B 1B1B.B 1.31 2.80 5.10 1.6E-5 
Lll GA0051 388.6 1B16.5 1.36 5.00 5.20 N/1 
L11 GA0052 384.B 1B15.B 1.60 6.00 4.B5 4.1E-4 
Lll GA0053 385.7 1B16.5 1.32 5.50 5.10 1.3E-4 
L11 GA0056 386.5 1B17.7 1.90 4.00 5.25 4.1E-5 
Lll GA0057 385.5 1BlB.6 1.34 3.30 5.00 N/1 
Lll GA0058 384.3 1816.9 1.40 5. 51) 'l. 95 >l.OE-3 
L11 GA0059 386.7 1819.5 2.00 2.00 5.08 l~LE-3 

Ll2 GA0100 381.5 1B03.9 0.57 1.50 7.95 l.BE-4 
L12 GA0102 382.9 1B03.4 1. 71 2. 50 6.98 2.5E-~) 

L12 GA0104 384.1 1802.0 1.51 4.00 10.00 l.lE-4 
L12 GA0105 383.7 1802.7 1.66 3.50 5.10 5.6E-5 
L12 GA0106 384.4 1803.8 l.BO 4.20 6.95 1. OE-5 
L12 GA0108 385.5 1802.4 1.69 5.60 6.50 2.4E-5 

5emi-permeable~ ir1tPr larr;inate la)'·ev ~L (c_ lo'y· a:-,:._·/="- si}-L) "~ ~l tua~E?:
1 

• between the tiAIO cOTipar-trne~ts. This layec is con tinuou.'=· 1!""' . the central part of 
t~ delta (see map 118) and l'las a ver-tical hydraul ic: cor-~-:t.Jcti vi ty Kv of about 
10· misee (see section 5.2.1 of this report). 



8y applying the gene~al fo~mula: 

where: 

Q ; annual discha~ge pe~ square mete~ (m3 /yea~/J) 

!<) ; ve~tical hyd~aul ic conducti vi ty (misee) ~ ; 10-~ misee 

~v ; ve~tical hydraulic gradient (m/m o~ dimensionless) 

A ; unit su~face area of one square meter (J) 
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and using the maximum and minimum values of ve~tical hyd~aulic gradient, we 
obtain the maximum and minimum annual discha~ges per squa~e meter 

Remar-ks 

-Q.04 

0.02 

-0.0010 

+0.0005 

lnflow to the uppe~ compa~tment 

Loss from the upper compa~tment 

These values are very law and reflect the impermeability of semi­
permeable layer #2. The aquifer's uppec- compartment i=: locally recharged at 
the ~ate of 1 liter/yea~ pe~ squa~e mete~ and locally discha~ged at the ~ate 
of O. 5 1 i te~/year per square meter, depending on the ambient values of the 
ve~tical hyd~aulic gradient (positive in ir~igated zones and negative in non­
i~rigated zones). 

ln conclusion, we note that the hydraulic p~essure diffe~ence between 
the upper and lower compa~tments is sometimes positive and some>times negative. 

Within the areas influenced 
pressure 1n the upper compa~tment 
This underlines the impact of 
potentiomet~ic surface and the 
hydrostatic equilibrium. 

by the ir~igation 
~s greate~ that of 
ir~igation wate~ 

aquife~'s tendency 

zone~-. tr.e hydrau l ic 
the lower compa~tment. 
infiltration on the 
to ~e-establish the 

Outside of these zones the opposite situation p~evails. This unde~lines 
the imiXJ~tance of evapo~ation in the a~eas wherE: this phenomeGon is not sho~t­
circuited by i~~igation. 

The a..-eas of seasonal po~itivE ',;e:tical h'y'dr-a•.:lic g...--aj1ent te:-'ld to 
~nc~ease f~om one yea~ to the ne>,t (1987 - 1989). There ~s also a privileged 
aYis oriented 1\E-SW, passing through thE town of Rosso, and bordering thE 
Lampsa~ val ley. This axis co~responds to the highest den si ty of i~~igated 
perimeter~. (Lampsar, Grande Digue Tellel Kassak, M'Pourie and a multitude of 
small irrigated pe~imete~s (PlV)). 

Sem~-permeable layer #2 is practically totally impermeable. 



• 

63 

8~1 Aquifer characteristics 

8.1.1 Aquife~ definition 

The Senegal Rive~ delta, a distinct region of the Senegal Rive~ Valley, 
contain= a compartmentalized aquifer compos~d of fine grained sands and silts. 

The sediments (sand, silt and clay) of which the compa~tmentalized 
aquife~ is composed a~e gene~ally unconsolidated and belong to the Quate~na~y 
stratig~aphic se~ies: Nouakchottian and Inchi~~ian deposits of ma~ine origin; 
Ogolian deposits of eolian o~igin. These sediments except fo~ the Ogolian 
sands, have quite hete~ogenous vertical and ho~izontal granulometry. 

The aquifer's uppe~ compa~tment is 
The thickness of this compartment (Eue) 
compartment is spatially discontinuous. 

generally of Nouakchottian sediments. 
varies f~om 0 to 12 meters. This 

The uppe~ compa~tment 
silt) of ReLent/Sub-Actual 
Nouakchottian sediments. 
(Espfl) of 2.00 m. 

is covered by semi-permeable laye~ #1 (clay and/or 
sedirœc-,ts and sometimes of the upper pa~t of the 
Semi-permeable laye~ #1 has a median thickness 

The 
sediments. 
determined 

aquife~·s lower compartment is 
The thickness of the aquife~·s 

by project activities. 

most! y composed 
lowe~ compartment 

of Inchi~~ian 

( E1,) was not 

This compa~tment is separated from the aquifer's upper compartment by 
inte~laminate, semi-permeable layer #2 (clay and/or silt), composed of the 
upper parts of the Inchi~ian sediments and, sometimes, of the lower parts of 
the Nouakchottian sediments. Semi-pe~meable layer #2 has a median thickness 
(Espft of 3.00 m. 

8.1.2 Aquifer extension 

Geostatistical analysis (kriging) of the data from the 252 OMVS 
piezometers indicates that layers #1 and #2 do not extend continuously 
throughout the en tire area of the del ta. Discontinui ty zones are evident for 
bath layers, particularly on the delta's edges and in the Eastern part of the 
delta. 

The lateral extensions of the aquifer's upper compartment, including 
semi-permeable layer #1, are limited: 

* to the North a'"""ld S::Juth, bv the D..Ja] lo/Dier-i }jrnits w'<ich cir-cumscribe 
tt-le currerJt f loodpl air1 o-~= the del ta, 

* to the West, by the Atlantic seacoast, 

* to the East, by the demarcated confine" of the del ta. 
formations extend beyond the delta, 

These 

The lateral extE'ilsiClflc:=. of the aqui fer· s lCJV.Jer- canpartment, inc luding 
inte~laminate, semi-per-rneable layer #2 ar-e limited: 

* to the East, by the geological limit<o of the Inchirrian, also mapped 
str-ucturally, 

* to the North and 5D..Jth, these formations extend beyond the borders of 
the maps shcw-l he~e. 
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8.2 Hydrogealogical characteristics 

8.2.1 Structural hydraulic parameters 

The horizontal hydraulic conductivities (K ) of each compartment are, 
statistically, indistinguishable. Their common ~v~4age value is Kml4.4*10~ 
cm/sec wlth a standard devlatlon of +/- 1<0,~4.0*10 cm/sec. The !'1"ydraulic 
parameters characteristic of the upper compa~tment (with E ~8 m) are: 

uc 

* T ~ KE ~ 3.2*10-~ m2 /sec 

* s ~ 4*10~ 
f-b.....IE'ver, coefficients of transmissivi ty have been me?asur~ i'} SCJITlE' 

localities which are more than two orders of magnitude larger (10- m /sec), 
reflecting great heterogeneity in the aquifer. 

The aquifer·s upper compartment is cappec by semi-permeable layer #1. 
The vertical hydraulic conductivity of this layer (K 11 J is 0.5 mm/day or 5.8 * 
10~ misee, the Jiterature reports values ranging froM 0.5 to 2 mm/day). 

The !CMer compartment is separated from the 
by inter!aminate, semi-permeable !~er #2. 
conductivity of this layer (~2 ) is 10 misee. 

aquifer·s upper compartment 
The vertical hydraulic 

8.2.2 Confined and/or unconfined aquifer 

The upper compartment contains a confined or unconfined aqUl fer 
depending upon its water leve! with respect to semi-permeable layer #1 

The unconfined aquifer (water table) zones are located on the Southern 
borders of the delta and near the irrigated perimeter at Thiagar in the East 
of the delta. 

The lower compartment contains a confined aquifer und~r interlaminate 
semi-permeable layer #2. 

The two aqui fer compartments are hydraul ically connected to the Senegal 
Ri ver which cons ti tu tes a recharge zone wi th a length of 143 km ( frorn 
Faidherbe bridge to the JUnction of the river and the Tahouey canal). This 
recharge zone is a linear incision into the aquifer with an average depth of 
9 ~ 9 meters and a ver age v..•idth of 360 met ers. DL:r ing the proj ec t' s observation 
period (1987 -1989), the water leve! upstream of Diama Dam varied from -0.26 m 
ASL to 1.37 m ASL. 

8.2.3 Hor·lzonlal flc::JW 

Near the watercOtJrses, in the zones inf luenced 
sources, the horizontal hydraulic gradie~ts (ih) vary as 0 

by 
< 'Il 

these recharge 
< 2~2 m/km. 

The calculated ma~imum influence distance of the surface waters on 
adjacent aquifers, without considering evaporation }osses, is on t~ order of 
2 km from the watercourses. This represents a land area of 330 km , or 7.59% 
of the del ta surface. This theoretical influence distance is confirmed by ~·n­
situ piezometrie observations (between 1.0 and 2.0 krn). Computer modeling 
(Filippi) incorporating evaporat1on effects. suggested a~ influencP distance 
of 700 to 800 m~ a valuE- VJhJch s.eE'r"'= tous tc be qu1te rea'=.-onatJlP. 

the 
the 

infiltration through 
estimated inflow to 

The horizontal hydraulic exchanges are Jimited to 
banks of watercourses, and canals. The corresponding 
a::t·~~j-f'e~ 5o::- ! .I-.7F-+"'c: ~~/'/Pl:..... Tl-.;c ~-·:::-~.~- :·-+,. ~" ~-,_-,~l·r·;l-,,~ 
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modest contr-ibuticn of inf i 1 tr-aticn thr-ough water-cour-se banks to total 
hydr-aulic exchanges, this phenomenon is dir-ectly r-elated to soi! salinization 
by r-aising the water table and the ther-eby incr-easing capillar-y flux r-ates 
(the evapcr-ation mechanism thus made mor-e efficis,t, more salts accumulate in 
the sur-face soils). 

Salinization zones a~e located near water table recharge areas of which 
there are two types: watercourses and irrigated perimeters. The increase in 
irr igated land ar-ea and especiall y the intensi flcation of agr-icul tur-al cycles 
(thr-ee agr-icultur-al seasons ar-e possible) will ir-r-emediably cause an increase 
in the r-ate of soi! salinization, particularly in the zones located between 
two rechar-ge areas Jess than 2 km apart (Débi, Boundoum, M'Pour-ie) • 

The in fi 1 tr-ation of water through the 
systematically oriented from the water-cour-ses towar-d 
thr-oughout the hydrologie cycle. This situation will 
constr-uction of the dike on the right bank at which 
the river will var-y from 1.5 m ASL to 2.5 m ASL. 

watercourse banks is 
the adjacent aquifers, 
be intensified with the 
time the water- leve! in 

The inter-stitial flow velocities (V ) calculated from hydraullc 
conductivity (Kmin=K -~;, and Kma>:=K +f~ fo't a gradlent Dh 0 = 2~ "'* 
(cor-responding to theP f!ood per-ioc or ~he' water leve! to be maintJined by the 
dam upon completion of the r-ight bank dike) and for a pcrosity (n) of 0.15 
(value used by the project) ar-e: 

vn (Kmin, Dh 2 0, n=0.15) 
'il ( Kmax, Dh 2:0, n=O. 15) 

= 0.04 m/year 
4.20 m/year 

These interstitial flow velocities are Jow and signify that very little 
saline water will be r-eplaced by fr-esh water. 

The impact of Diama Dam on land adjacent to the r-iver will be limited to 
a cor-r-idor 4 km wide (2 km on ear.h side of the river- bed). Soils in this band 
will be very vulnerable to degradation from salts, especially in the proximity 
of rechar-ge zones related to irrigation. The substitution of saline water by 
fresh water will not occur. 

Apart fr-om the areas adjacent to watercourses, the pctentiometric 
surfaces are constantly negative ŒJtside of the irrigated perimeters (-0.7 m 
ASL June '88 and -0.2 m ASL October '88). Inside of the irr-1gated per1rnet.er·s 
they fluctuate between (-0.3 m ASL June 88 and +0.4 m ASL October 88). 

The honzontal hydraullc gradlents (lh) ate practical !y nul! except for 
in the zones influenced by watercourses and near 1rrigated perimeters and thus 
do not induce horizontal groundwate~ percolation. 

8.2.LI Vertical fi= 

Jn the absence of significant lror-izDtltal flov-J~ it is accepted tha.t the 
hydr-aul ic ex changes are esse:rtial 1 y ver-tical. 

Tt-te vertical exchanges ar-e control led by the infla"-"5 relatE'd to the 
infiltration of annual precipitation (P=242 mrn ( 1988)) and ir-rigation water 
(P. = 951 mm (rainy sPason)) and by ]osses related to evaporation from the 
sh~flow water table and recharge of the aquifer's upper compartment. 

EvaporatiCJr'l from the water table is a functior1 
:t~ec.Jretical J y, t"e capi l Jar y '1 SE:' corr-e:::;:o~-ldir;g to 
depth is on the order of 0.3 mm/day. 

of the water table depth. 
tr.r med1an water table 
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The median seasonal static water table depths for piezometers located 
inside and outside of irrigated perimeters varies f~om 2.06 m (rainy season 
1987) to 2.52 m (dry season 1987). A slight rise was measured in 1989. 

The seasonal water table fluctuation is about 0.3 m in the non-irrigated 
zones and about 0.6 to 0.8 m in the irrigated zones, emphasizing the impact of 
irrigation water infiltration on the water table. 

The potentiometric surface is cleady higher in the irrigated zones, 
particularly in the Eastern part of the delta (Thiagar perimeter and the CSS) 
which also coincides with an unconfined aquifer zone (water table). 

Recharge of the aquifer's lower compartment is negligible . 

The estimated inflows (rainfall and irrigation) are 1.29E+08 ~3 /year 
(1988) and the !osses (capillary rise and evaporation) are 1.9E+08 m /year. 
This estimation is probably excessive within the confines of the delta. 

8.2.5 Geohydrochemistry 

The quality of the water is poor within the limits of the delta. 

Saline in the central part of the delta (TDS > 10,000 mg/1), the 
groundwater becomes only brackish at the delta periphery (1000 mg/1 < TDS < 
10,000 mg/1). These waters have high sodium adsorption ratios (S.A.R.) and 
high electrical conductivity values. 

The central delta zone colncides with the rlver channel during the 
Inchirian epoch. 

The groundwater lS, therefore, generally 
consumption, irrigation, and watering of livestock. 
have higher quality groundwater but they are the 
geographie extension. 

inappropriate for hJman 
Some small localities may 

exception and are without 

The grcundwater·s salinity seems to vary a great deal ovE'r- time but this 
is apparently illogical and unexplained. Previous studies report the same 
observation. These variations do not change the designation of the 
groundwater as "pocr quality". 

8.3 Summary 

Theoret~·cally, the aqui fer is un1que, heterogena.....ts, anisotropie, 
composed of two compartments: upper ar,d lower. In practice, water managerœnt 
problems are related essentially to the aquifer's upper compartment. 

The natural hydra:..Jlic equillbr-iur::-1 (an:~ual flood/drouç;"'"'.t. cycle) bE"t.;.-,een 
the surface waters and the grour,dwater ha= been altered since 1964. 

In 1964, the peripheral dike on the l!fft bank was comple~ed, prote=ting 
61.6 ï. of the delta surface area (2769.8 km'). 

In 1986, Diama Dam becam~ operational. 

The impact of these land development works has been an elimination of 
natu~al recharge zones (topographie depressions flooded annually for about 3 
months/year) and a multiplication of scattered seasonal recharge zones 
( ir·-rigated perimeters) where th'"""E'E? cropo:o:. pp~- year bec~E pcr~-==-i~~E' wi th the 
dual operation of the Dlama and Manantali Dams (irrigation 6 to 9 rronths/year) 
and the maintenance of the river at levels up to 2.5 m ASL (possible upon 
completion of the dike on the right bank, expected for 1991). 
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The ~ffect of these impacts is the ~aising of the pot~ti~tric surfac~ 
(water tabl~) in the ~echarge zones. 

All ris~s in the pot~tiometric surface, ~ they caused by horizontal or 
vertical flows, linea~ or point ~echarge zones, are, in function of their 
int~sities, likely to activ~ly contribute to the d~radation of soils by 
salinization. 

The only remedy to this situation is the installation of a drainage 
system adapted to the conditions of the soils in question. 

It would ~ misleading to try to determin~ d~ainage sc~s based on the 
statistical data contained in this report which ar~ valid for the ~tire 
delta. Drainage syst~ must ~ designed specifically for each of the 
developed zones. This approach would require a differ~t working scale. 

This project's contribution to the hydrogeological knowledge of the 
d~lta is considerable in that it has created a geostatistical view of the 
aquifer's structur~ and has provided chronological information on the 
~volution of the piezometrie fluctuations and the physical-chemical 
variati01s. 

These basic data, indis~sable to developers, will 
establishment of mor~ realistic development plans. 

permit the 
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9 RECO't'ENDATICJ\15 

9.1 Short term work program 

9.1.1 Continuation of interpretation work - sma!J scale 

This synthesis report- volume 2- deals uniquely with the delta region. 
This geographie Jimit was imposed by thE June 30, 1990 deadline • 

It would, evidently, be desirable to continue the thematic mapping and 
interpretation of results for the whole valley • 

On a sma!J scale, the fo!Jowing geographie sectioning is proposed: 

* thE lower valley and the Jower middle valley, (Z1) Jocated between 
coordinates MTU-X 426 and MTU-X 580, corresponding approximately to the 
limit of influence of Diama Dam (elevation 2.5 m ASL), 

* the upper middle valley 
coordinates MTu-x 580 and 
Maestrichtian recharge zone. 

and the 
MTU-X 

upper valley (Z2) 
818, enclosing 

located between 
thE suspected 

Considering the irregular distribution of the OMVS piezometrie network, 
i t is possible that the sectioning proposed above be redefined. 

For continuation of the 
equipment, canp_!ter materials 
Groundwater Monitoring Unlt. 

interpretation work, OMVS has trained personne], 
and a working methodology, ail in place at the 

Sorne of the geological maps for zone (Z1) already exist in the data 
base. Al! the basic digitalization work (river and streams, the topography, 
thE piezometry, the locations of irrigated perimeters, towns, raingauges, and 
water leve! sca!es) has been completed for the entire Senegal River Valley, 
thus covering the Z1 and Z2 regions. 

Despite this real progress, much of the data analysis and interpretation 
remains to be done. Production of this report required an important quanti ty 
of work, more than 6 months. Considering that the delta constitutes one of 
the three regions of the valley (del ta, Zl and Z2), another year of anal Y"·is 
and interpretation will be needed to write a similar- report for- the er1tir-e 
valley, 6 months per region. 

Without the support of technica!ly qualified personnel, the GMU chief, 
who is also responsible for the data base, will not be able to perform al! the 
te:.h-üce~ ta":=L'_s involved in the productjo: of the rep::,rt5 (t~E hydr-oge:..:.,Jogic.e: 
cartography, thE exploitation of the GES data base, the data interpretation, 
etc.). It is necessary to take into consideration the institutional 
recommendations made in the final report - Volume #1. 

9.1.2 Contlnuation of interpretation work - large scale 

The cartographie scale used in this report (appro>:imately 1 cm = 12 km) 
permits thE representation of regional characteristics and the exposition of 
hydrogeological phenanenon for the entire del ta. The precision of the maps, 
which were developed from hydrogeological observations made wi th an 
irregularly spaced piezometrie network, is approximate. Du~ing geostatistical 
treatr-,e,-~t of the input data, &>,trdpolated values were projected or1tc r-egula; 
grid points for automatic plotting of the maps, thus the information 
represented there tends to be slightly removed from the reality. 
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With a la~ge~ scale (1 cm = 2 o~ 3 km) and the definition of specifie 
geog~aphic ta~gets, it is possible to develop mo~e p~ecise hyd~ogeological 
maps. Fo~ an idea of the hnds of maps which it is possible to p~oduce, the 
~eade~ should ~efe~ to the list of maps following the table of contents of 
this ~epo~t. G~eate~ ca~tog~aphic p~ecision is especially possible within the 
limits of the i~~igated pecimete~s, whe~e the piezometer dist~ibution is 
p~actically ~egula~. In fact, the const~uction criteria were for one 
piezometer per 100 ha . 

The~efo~e, the geog~aphic sectioning of the delta in th~ee sub-zones is 
r-ecc:xrmended: 

* DL T _1 includes the zone nea~ Keu~ Macène and the per-ime te~ at Debi, 

* DLT_2 includes the pe~imete~s at Boundoum, Thiaga~ and M'Pou~ie, 

* DLT_3 includes the envir-ons of Diama Dam. 

Seve~al piezameter lines, transverSP to the river, are located in each 
sub-~egion. 

For each of the delta sub-~egions, useful source files (geology, wate~ 
leve!, piezomet~y, etc.) exist, fo~ the enti~e delta ~egion. These files a~e 
necessa~y fo~ the geostatistical t~eatment which would pe~mit development of 
the hyd~ogeological maps fo~ each of the above-mentioned sub-~egions. 

Development of the sucoested themat1c maps fo,... each sub-regio;, would be 
a fair-ly simple exer-cise, based on the simple ~edefinition of the geog~aphic 
limits of the maps (MTU-X, MTU-Y), and pe~fo~med with the SLRFER softwa~e 
functi01s. 

The time ~equi~ed to p~oduce the maps for the del ta, as ~ecc:xrmended 
here, would be on the o~de~ of two to th~ee weeks pe~ ~egion. 

9.1.3 P~ocedural changes fo~ the measurement of elect~ical conductivity 

Within ttïe limits of the delta, electrical cor1ductivity meas~r-ements 
have caused sorne conce~n with regard to the degree with which they r-epresent 
the aquifer conditions. The instruments, which were not always appropriate 
(measurement scale of 0 to 50,000 uS/cm) and the measureme~t p~ocedures which 
we~e used in the field, togethe~ with the e;;t~eme volatllity of this 
parameter, as remarked by previous studies, are responsible. 

In o~der to alleviate these p~oblems, the project has p...1~chased and 
~eceived new instruments (measu~ement scale 0 to 200,000 uS/cm) which will 
allow direct measur-eme:-~t o-f the electr-ic.:::.~ co•-lduc-:.i\'i ty va:ues e.iCO'..JitE?reci in 
the delta . 

In arder to make field measurements of electrical conductivity with more 
ce~tainty, it is suggested: 

1) to give p~iority to salinity monitoring of the piezomete~ !ines 
which are transverse to watercourses (Ll to L7, see their locations on 
map #4) and to t!ïe piezometer 1 ines which traverse irrigated per-imeters 
(LB to L12, see thei~ locations on map #4), 

2) to maintain the mcnthly measurement schedule, 

3) to systematically empty the Z~ PVC piezomete~ tubes with 
app~opriately sized subme~sible pumps before measu~ing the salinity, 
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4) to use the new!y pur-chased conductivity meter-s with the measur-E'ITlE'!lt 
scales fr-om 0 to 200,000 ~5/cm. 

The submer-sible pumps for- emptying 
to the pr-oject: one per- sector- office. 
valves could be used. 

the piezometer-s ar-e a!r-eady available 
In the absence of pumps, simple foot 

The cr-iter-ia for- stopping pumping should be the stabi!ization of the 
electr-ical conductivity values . 

Salinity monitoring will be limited by the time requir-ed ta oper-ate the 
pumps and complete tre piezometer- emptying pr-ocedur-e. It wou!d seem that up 
ta 0.5 hour-s might be r-equir-ed to make a measur-ement in this way. 

9.2 Medium and long ter-m wor-k pr-ogr-am 

Wor-k progr-ams ar-e deter-mined by the needs of the technical or-ganizations 
wor-king in tre valley. Tre GMU is specialized in hydr-ogeology and, 
consequently, can only make contr-ibutions ta cur-r-ent pr-oblems within tre 
Iimits of this science. Tre scope of subjects r-esear-cred must be pr-oportional 
ta the available means, and should be limited, as muchas possible, to unique, 
pr-ecise tapies. 

Suppor-t from organizations which have alr-eady dealt with similar 
r-esearch tapies would evidently be desirable and depends on the awar-eness of 
technica! organizations wor-king in the valley. 

Tre r-esul ts acquir-ed by tre GML! have al r-eady been distr-ibuted as 
multiple-copied r-eports to OMVS headquar-ter-s, the OMVS member countr-ies and 
the Œ1V5 Dcx:umentation Center. It seems that r-epor-t reading is a mor-e 
fastidious activity than attending meetings and seminar-s. 

It is r-ecommended, ther-efore, that a calendar of meetings be establisred 
with the technical or-ganizations working 1n the valley (ORSTDM, ISRA, SAED, 
SCJ\JADER, Cf\RADA, tre L.k"üver-sities of Dal<ar and Nouakchott, etc.) with tre 
following objectives: 

1) to distr-ibute information about tre GML!, its r-esources, the data and 
the r-esu!ts acquir-ed since the beginning of its activities, 

2) to encour-age trese var1ous or-ganizations to make dir-ect use of the 
r-aw data, as yet untr-eated, ~hich is contained in the data base 
(definition of consultation procedures), 

3) to define the pr-ogr-am of field wor-k and thematic r-esearch (soi] 
salirliza"tion~ V\'2t.Er td~J]E- r-l.":'~-~ r-1ver ·.,;~tf::r"" :.at::lE rec::a--ge~ 

evap:Jration) in collaboration ~t-..;i th one or more of these orgar.izations. 

This program should correspond to field needs a~d shauld avoid 
theoretical research tapies. 

The reader VJill find belDV\1 sorne recommendations which were developed 
during the course of the pr-oject activlties and which may help to or-ient the 
infor-mation sessions to be held w1th valley developer-s. 

9.2.1 Soi! sa!inization monitor-ing (BRGM ~ecommendation) 

ThE pheiO'îencr of soi l sol i:-11 za..._icn 1s in thE dorr.ai:: of agr-[)r"":Or.llC 

science. It occurs in relation to evapo~ation and evapotranspiration of water 
fr-om sur-face sour-ces (ir-r-igation water- fr-om developed ar-eas of the valley) and 
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from shallow groundwater which rises due to capillarity. 
chemical soi! phenomena are also involved. 

Physical and 

The quantitative evaluation of this phenomenon could be undertaken with 
the installation of measurement stations which """-!Id be located in function 
of: 

the geo 1 ogy 
these criteria 
CO'lcerned with 
etc.), 

(geological profiles) and pedology of the ar-eas: 
would be established with the or-ga~izations 

agricultural development (JSRA, SAED, SONADER, 

- the depth of the water table and its annual fluctuations (use of 
the data base concerning piezometrie evolution data) 

- the local environment of each site (proximity to water courses, 
swamps, irrigated zones, etc.), how representative it is of other 
zones where salinization is likely ta occur (agronomie criteria), 
and its proximity to meteorological stations. 

Jt is suggested that 4 stations be installed, each comprising the same 
equipœnt: 

a piezometer of small diameter, full-tubed until the water 
table, 

-a set of tensiometers, installed so asto measure the soi! water 
potential in the non-saturated zones (depths of 0.20 m, 0.40 m, 
0.60 m, 1,0 m and every 0.50 m thereafter until the water table is 
reached). 

It would be possible to install these stations at shallow depths in the 
existing piezometer profile !ines perpendicular to the river. The measurement 
of evapotranspiration !osses thus obtained could be used to refine the 
calculations of the lateral river-aquifer exchanges. Two stations would be 
installed near the experimental agricultural perimeters. 

The stations would be monitored monthly (piezometers, salinity and soi! 
moisture content), necessitating field equipment including a neutron probe, 
which might cause certain difficulties. 

The data thus collected wouJd permit an evaluation, for each 
ti me, of the water volume evaporated through the soi 1 surface. 
monitoring could be required in case of strongly varying equilibrium 

period of 
Bi~ek!V 
statE?s. 

The calculated flow volumes would later be used to quantify the 
exchanges between the river and the alluvial aouifer. 

9.2.2 Lateral hydraullc exchanges with the Quaternary formations (BRG~ 
proposition) 

Operation 
ri ver, spatia Il y 
will be affected 

of the dams will induce 
and wi th ti me. Lateral 
by the new conditions. 

cha~ges in the water leve! of the 
e~cha~ges with the alluvial aquifer 

Begun in 1984 with one profile (BRG/1 1984), then continued by EL.RCCIJ\ISLL 
dur-ing restoration of the irrigated perimeter at BOUNDOUM, the quantification 
of the lateral excha~ges will be continuee through the analysis of many 
piezomet~ic profiles which are pe;p~dicula~ tc the rive~~ corresponding to 
the obser-vatior1 pe..-iod of the p:D_iect a:-;d beyo··1d. 
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of 
the 

The DMVS piezometrie network contains 7 profiles which are tra~sverse to 
the river (L1 to L7) within the limits of the delta and 5 other profiles (LB 
to L12) within the irrigated perimeters. Their locations are showr on map #4 
of this report. 

Analysis of lateral flow was made, in this report, on the ba=is of the 
piezometrie evolution recorded between June 1987 and December 1989 a'<d on the 
basis of the geologie contexts and the hydrodynamic parameters. 

Similar piezometrie behavior was observed for ali the sites 
river although differences from one site to another reflect the 
heterogenous character. 

along the 
aquife,.-·s 

It is therefore recommended that one or more models be calibrated with 
the piezometrie evolutions recorded along these profiles and then run in order 
to predict the lateral and/or horizontal flow which will result upon 
maintenance of higher river water levels in the future. 

Among the uninitiated, the term "madel" evokes the notion of simplicity 
and efficiency. This perception is totally fa!se. Confusion has prevailed in 
regard to this term since the consultancy by Mr. Bo!ke, USGS expert. 

A mathematical mode! is a precious tool when 
tapie of research and when manipulated by a trained 
the GMU cannot take responsibility for any modeling 
staffing limitations. It is possible, however, that 
mathematical models would be absolutely pertinent 
answe~s to problems which a~e posed~ 

applied concretely 
team. A stnucture 
activity becawse of 
the use of cne or 
in the effort to 

to a 
like 
its 

more 
find 

It is recorrmended, therefore, that, as a prerequisite to ae1y modeling 
activity, a seminar be held with one or more modelling specialists who have 
eY.perience with the problems in the valley and a so;id u~derstandi~s of the 
project's resources, in arder to: 

1) develop an inventory of the different mathematical models which are 
likely to be of use in solving the problems, 

2) estimate the comp!exity and the difficulties involved in usi'lg these 
models, 

3) describe the various work scenarios which are p8S5ible i~ ~~ght of 
hurr1a11 ar•d finar-:cial re=o..Jrces ava1lable at. thE ti:-;:t. 

4) to choose the most appropriate modeling program. 
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