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Through this project, OS5 aimed to ecquire a hydrogeclogical
observation system which would permit it to monitor the evolution of the upper
groundwater table in relation to current and future developrment works in the
Senegal River wvalley (dams and irrigated perimeters).

Analysis of the collected data should permit the study of:

a) the impact of the Diama and Manantali dams on the aguifers in
contact with the river bed,

b} the rise of saline groundwater within the irrigated perimeters,
especially downstream of Fodor,

c) the natural recharge . of alluvial aguifers and deep aguifers
under lying the Senegal River valley,

d} groundwater contamimation mechanisms related to the use of
fertilizers and pesticides,

e) the hydrogeological potential of the different aguifers with
respect to agricultural development.

1.3 Report authors

This report, available in French and English, was written by Mr. Denis
Richard, consulting engineer (ISTI), in collaboration with Mr. E. Weiss, USES
expert, following systematic utilization of the GES data base (a8 major project
output) and Groundwater software in addition to many related computer software
tools  (WPS, Lotus, Surfer, OGrapber 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, Arnex #10 treats monthly average climatic
parameters (4 vyear period: 1986—-17987), and annex #11 presents monthly average
hydrological data for the delta for the same pericod.

1.4 Project contributors

The production of this repért, covering the Senegal River delta region,
was made possible through the efforts of all the persons invalved with the
project, among whom:

¥ the local sector office personnel (Mr. L, Sangare, St. Louis, Senegal
sector chief, Mr. A. Ndiayes, Rosso, Mauritania sector chief, and M.
Toure, Manantali, Mali sector chief) responsible for the collection and
pre—analyses of field data,

¥ the local central office personnel (Mr. O. Ngom, project chief, Ndar
Toute, S5t. Louis), responsible for coordination of the field activities
of each sector office.

This project, implemented by OMVS/DIR (Département des Infrastructures
Regionales), benefitted from the support of technical assistance; long—term
(ISTI) and short-term (USGS, BRGM et INFORMISSION).

In order to attain project goals, ISTI provided project management
assistance to OMVS by assigning a consulting engineer, Mr. D. Richard, to work
with the Groundwater Monitoring Unit (PES) project chief.
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INFORMISSION, a subcontractor to 15T], was responsible for the
development and installation of the computer data base (GES) through the

contributions of computer specialists, Mr. M. Fortin, Mr. L. Brunelle and Mr.
M. Migneault.

BRGM (Mr. M. Vandenbeusch, hydrogeologist) and WSGS (Mr. E. Bolke,
hydrogeologist, Mr. R. Hollway, computer 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 cartographic 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 parentheszes) next to the map
titles. These files, each corresponding to one map, will permit the maps to
be viewed in color on the computer screen, and printed.



Z DELTA - ENVIRONMENTAL CHARACTERISTICS
2.1 Generalities

The Senegal River delta is a geographic entity of triamgular form, whose
apex is located at Richard Toll, a town about a hundred kilometers from the
sesrosst, 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. 0Ouallo is a local term for the river valley (floodplain)
ac opposed to Dieri, another local term, for the semi-desert zone on the
fuallo’'s Nortbern and Southern borders. The Duallo/Dieri limits used here are
those established by the 5.£.D.A.G.R.I. pedological study (1973).

The Evaluation and Planning Unit of the OMVYS (Cellule d Evaluation et de
Planification Continue), proposed geographical de}imitations for the valley in
September 196839, which were adopted by the project’.

The Senegal River delta extends from the Atlantic seacoast to the
Junction of the Taouey canal and the Senegal River (PK 143).

PK signifies "point kilométrigue" measured slong the Senegal River. The
starting point is the central pillar of Faidherbe bridge (PK ©), in St Louils.

The surface area of the delta as described by these limits is 4343 km?z
This area includes that of Lac de Guiers. The surface area of Lac d? Guiers
changes as a function of Jts water level. It wvaries from 173 km (water
level = 0.0 m ASL to 275 km" (water level = 1.8 m ASL).

The delta region is located between latitudes 15° et 1&6° north.
2.2 Physical geography
2.2.1 Topography

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

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

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

The reader may refer to map #1 "Duallo topography (m ASL) (dit_top)™
which follows. This map also indicates the lacation of the OMVS  piezometric
observation network points (wells = half-blackened sguares, piezometers =
blackened circles).

| Ref.: OMVS\CEPC, Sept. 1988, p.3.

? Ref.: COGELS 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 hypsometric plane surface areas by OGN (ASL) elevation
classes, for the entire delta (Mauritanian and Senegalese) is:

ELEWV. QREﬁ& %
ASL K TOTAL AREA

<10 4343.8 100.00%
<B 4325.6 99.58%
<5 4172.5 26,067
<3 3754.5 85.473%L
<2 3206.9 73.83%
<1 1668.0 38, 40%

<.35 426.9 ?.83%
<O 26.95 O.61%

The surface area of rhe Mauritanian delta is 1664 kwg and that of the
Senegalese delta is 2679 km®.

The relief is extremely flat, generally 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 topographic forms are identified by the 2
meter contour lines, These dunes are aligned in a North-South 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.

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

It shvwld be recogrnized that this topographic map has been prepared to
meet the project’'s hydrogeological needs, not those of delta developers.

2.2.2 Hydrographic network

The bed of the Senegal River is wide 1in the delta region {(up ta BOO m}),
even during the dry season, and gquite deep (16 meters in places, see annex 1}.
The network of watercourses 1s spatially fixed (no lateral displacement
observed) and the ?ater surface, from Richard Toll to 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 MNdiadier, the Mbell, the Gouere, the Garsk,

¥ on the left bank, the Djoudj, the Gorom, the Djeuss, the Lampsar.

Before the development of & surface water management system, all of
these sloughs were branches of the river, i.e., they filled with the river's

floodwater and slowly emptied as the level of the connected, unrestrained
water bodies dropped following the rainy season. Uncontrolled, they dried up.

3 Ref.: P.N.U.D./F.A.0., 1977, p. 30.
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Today, because of surface water control structures, most of these
watercourses are, for at least part of their length, permanent. These sloughs
are used as natural irrigation and drainage canals. They are artificially
maintained at suitable levels during the three "theoretically possible” rice
production cycles: rainy season (hivernage - HIV) from July to October, cocl
dry season (contre saison froide - CSF) beginning sometime in October, and the
hot dry season (contre saison chaude - C8C) beginning sometime between mid
February and mid March.

2.3 fAgricultural development — current and planned

Because of annual deposits of silt by the floodwater, the Senegal River
delta is a zone of high agricultural potential, as shown 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 Riwver delta) and Manantali (Upper Basin). These dams entered
service in November 1584 (Diama) and July 1987 (Manantali). The joint
operation of these dams increases the agricultural potential of Ouallo land by
regularizing the mnatugal flood (Manantali dam) and by impeding the annual
influx of saline water' (Diama dam}.

The usable agricultural land area (superficie agricole utile - SAU)5 of
the delta is between 33,800 ha and 134,384 ha. The lower limit was determine?
by a topographic and geomorphological analysis of the delta (CHAUMENY, 1972)
and the upper limit by a 7pedol::agical analysis of the delta’s agricultural
soils (S5.E.D.A.G.R.I. 1973)".

(8AU) is the cultivable land area. It 1s 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, communication and power lines,

X non cultivable areas because of poor soil or land gquality {pedological
or geological), lack of drainage, relief, salinity, etc,.

t see GAC et al., 198s.
5 Ref.: PES, 1989.

b Ret.: P.N.U.D.NFLALO., 1977, table &, P. 253, Delta: non saline and easily
desalinated.

7 Ref.: P.N.U.D.ANF.A. 0., 1977, table 4, p. 220 and p. 21. SAU = total land
area for land use classes 1, 1R, 2, and 2R (classes & and &6R excluded).
Planimetry performed by the 5t. Louis sector 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 & : NON IRRIGABLE (salime soil)
CLASS &R : NON IRRIGABLE (coarse texture, no drainage, irregular

topography) .



7

For the reference year 1987, the net developed, irrigable land area of
the delta (superficies am@nagges nettes irrigables — SNI) totaled 20059 ha and
the cultivated area (superficies cultivées - SC) totaled 10270 ha. In
relation to the cultivated land area (5C), the agricultural potential! of the
delta was exploited to only 30.4% or 7.464, according to the limit used.

(SNI) is the land area which could effectively be irrigated and
cultivated. It 1is calculated by subtracting from the total agriculturally
developed land area (superficie agricole utile - SAU), the land areas occupied
by consetruction and development works: dikes, irrigation and drainage canals,
roadways, threshing areas, buildings, etc..

(SC) is the part of the SNI actually crogped during a given agricultural
season. It is always less than or equal the SNI and corresponds to
developed areas effectively under cultivation for the season concerned.

With respect to the delta’s total geographic surface area (9343 km )"
the cropped area (SC) under irrigated rice cultivation (102.7 km® in 1987)
represented 2.36%.

If we retai9 the upper limit for the cultivable land area (5AU) of the
delta (1343.84 km* - S.E.D.A.G.R.I.) and we suppose that all of this potential
area be irrigated, then we can conclude that 30.9%4 of the geographic surface
area of the delta would be under irrigation.



3 DELTA — HYDRAULIC INFRASTRUCTURE
3.1 Dikes

fs part of its agricultural development, the delta’s hydraulic network
has greatly evolved since 1984, when the peripberal dike along the left bank
of the S5enegal River was completed. This dike allowegd the planners - and
managers of agricultural development (left bank of the delta) to 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 limits of the large irrigated perimeters are shown on
map #2 "locations of large perimeters and dikes — right and left banks
{(dlt_str)}” (lines parallel to the river = dikes; shaded areas = large

irrigated perimeters).

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

In the absence of a dike on  the right bank, the floodwater spill over
annually there. The distribution of hypsometric 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:

P

<10 1664.0 NG
<3 1348.5 NA
<2.9 1220.3 1,287
<2 995.7 776
<1.5 &£76.2 385
<1.25 234.5 237
<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 & months, depending on
the year concerned. This level corresponds to a maximum storage volume of 257
millions cubic meters, 1if the time was sufficiently long to permit filling of
the wvarious sloughs to their storage capacities, and if the sloughs were
hydraulically limked.

3.2 Hydraulic contral structures

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

BANE STRUCTURE NAME MTU-X MTL-Y  WATERCOURSE MANAGED Y/N
LB PONT BARRAGE DE BANGO 344.2 1777.9 LAMPSAR Y
LB BARRAGE DE DIAOUDOUM I50.6 1776.7 N'GALAM Y
LE OWMRAGE J KEUR MOMAR SOW 356.4 1792.2 DIEUSS N
LE BARRAGE DE MAKHANA 354.0 1781.3 LAMPSAR N
LB PONT BARRAGE DE NDIOL 361.3 1787.0 LAMPSAR ¥
LE PONT BARRAGE DE ROSS BETHIO  3/7.8 1800.2 LAMPSAR Y
LB OUVRAGE DE N'DONG 385.7 1813.7 LAMPSAR/GOROM AM N
LB OWVRAGE DE DIAMBAR 396.2 1816.6 GOROM AM N
LH OWMWRAGE DE DIOVOL 396.2 1817.4 GOROM AM N
1B OMNRAGE G BGOROM 364.7 1810.0 GOROM AV N
LE OUVRAGE W DE GAELA 382.4 1B15.8 GOROM AV N
L+R BARRAGE DE DIAMA 347.0 1794.1 FL. SENEGAL Y
RE DIGETTE M BELL 350.% 1808.0 M'BELL N
LB QUVRAGE 1 I56.5 1797 .4 N
LB OWWVRAGE H DE THIENG 350.5 16804.3 N
LB OUVRAGE F DU DJOUDJ 361.9 1815.2 DJIOUDJ Y
LE OWRAGE E DE DEBI 364.9 1823.0 Y
LE OUMRAGE D - ILE AJX CAIMANS  376.0 1826.% DJOUDJ A
LB OMRAGE C DE THIAOUWAR 387.1 1821.5 N
LE OWWRAGE B DE RONCG 397.0 1821 .6 GOROM AM.+LAMPSAR N
LB OMRAGE A DE THIAGAR 408.8 1822.5 N
LB OWWRAGE DU NDIADIER 364.7 1827.2 NDIADIER N
LB PONT ROUTE TAHOUEY 425.8 1B820.7 TAHOLEY Y

SOURCE: SAED - Hydraulic Map (year unknown)

The locations of these hydraulic structures as well as those of
raingauges, water level scales, and some towns are indicated on map #3
"Locations of Hydraulic  Structures, Raingauges, Water Level Scales
(dlt_equi)", (black sgquare = dam or gated structure; dagger = water level
scale; triangle = raingauge; circle = town}.

The structures listed which were used during tpe period 1986-1989 are
indicated by the letter Y in the column “"Managed Y/N'"" . All these structures
were eguipped (still are) with water level 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 road-bridge over the Tahouey.

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

DIAMA DAM

Diama Dam, completed in 1984, began functioning in November, 1986,
Figure #1 indicates the annual water level variations upstream of the dam.
During the period of pierzometric observation by the project (1986-198%), the
monthly average level upstream of Diama Dam wvaried from —0.246 to 1.37 m (see
figure #1).

g Personal communication with Mr. J. Petolon, technical adviser to SAED.
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COTES - WATER LEVELS. 198bB-— 1989
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Figure 1 Delta - annual water level fluctuations

Since that time the salt wedge, which had previocusly ascended the river
during the dry season, has been halted. This is partly true inasmuchas 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 af 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 right bank, will vary between 1.5 m and 2.5 m. These levels
will create reservoirs that extend, respectively, East of Boghe (PK 393) or
East of Cas—Cas (PK 442)7,

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

The Tfluctuations of the water level are artificial and partially
controlled by the managers of the OMVYS common works (Diama and Manantali) in
response to agricultural nreeds and the reguirements posed by construction of
the dike on the right bank.

? Ref.: GERSAR 1983.
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ROAD-BRIDGE OVER THE TAHOLEY

The Tahouey canal, linking the river and Lac de Guiers {Lake) — a fresh
water reservoir for Dakar - and the Senegal River, 1is controlled by a gated
structure, which is also a road bridge in Richard Toll.

This is a gravity-fed structure. During passage of the floodwater, at
the eng of the rainy season, the gates are opened to allow filling of Lac de
Guiers®™. Besides this seasonal influx, the Lac de Bulers is very slightly
recharged by rainfall and runoff but not at all by the groundwater since its
level is always greater than the surrounding potentiometric surface. From now
on, with Diama Dam and the discharges from Manantali Dam, it will be possible
Eﬁefiiéubac de Guiers by means of Tahouey canal even during the period after

VANNE MBELL DIKE

This structure was built as a temporary means, in the absence of a dike
on the right 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 right bank dike, this structure will become useless
since it is situated outside the reservoir as defined by the right and left
peripheral dikes.

GATES D and E to DJOUDJ - NATIDNAL PARK

This structure is located in the left bank and controls the water level
in the Dioud] swamp, essential for preservation of the park’s bird population.

NDIADIER GATED STRUCTURE

This structure was built during construction of Diama Dam and will be
integrated into the right bank dike. It will permit filling from Diama
reservoir of the large Aftout-Es-Sahel depression (negative contours) which
parallels the Mauritanian coast north of the delta. Development of thig
depression (agriculture, aquifer recharge) has not yet begun. It will require
construction of N Diadier canal.

BOUNDOUM DAM (Ouvrage de N’ Domg)

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 several
irrigated perimeters (Grande Digue Tellel Kassak and Lampsar) and whose
downstream sSection 1s a natural fresh water reservoir for the city of St,
Louis.

Water levels in the middle sections of Lampsar slough are ctontrolled by
the Ndiol and Ross Bethjio bridge—dams. Water levels in the downstream
sections of the Lampsar are controlled by the Dakar Bango and Ndiol bridge-
dams.

9 Ref.: ISE - 1983.
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3.3 Current irrigation systems

In the left bank of the delta, sAeDit manages the utilization of many
irrigated perimeters (Débi, Boundoum, Bﬁfnde Digue—Tellel-Kassak Nord and Sud,
Thiager, Balky, Sousse, Dombo). SOCAS™ operates the ggﬁimeter at Savoigne,
ISRA™, has an experimental perimeter at N'Diol, and C s, Operates the sugar
plantation at Richard Toll. This plantation extends beyond the limits of the
delta.

In the left bank of the delta, SDNADER15 manages the Chinese perimeter
at M Pourie, near Rosso.

A large number of small, village-operated irrigated perimeters
(perimétres irrigués villegeois - PIV) are associated with the large
perimeters on  both banks of the river. Many have been established recently,
following inauguration of Diama Dam in November, 1986, and most benefit from
the water supply systems managed by the large operators: GAED (Sénégall,
SONADER (RIM) and agribusinesses (Sénégal).

Table #2 lists the large perimeters which constitute the principal water

supply systems, identifies thelr main pumpling station and the destination of
their drainage water.

Table #2: DELTA - LARGE IRRIGATED PERIMETERS {SAED, SONADER, PRIVATE}

OPER.  MAIN PUMPING BATER PERIMETERS NOMINAL DRAINAGE
IREAN. STATIDN SOURCE SERVED LAND AREA WATER

HECTARES DESTINATION
SAED RONCO RIVER 13 CUVETTES LANPSAR 2500 NOAR + KANKRAYE
SAED RONCG RIVER SOCAS, 15RA PARD1ABNE
SAED RONCE RIVER GRANDE DIBUE TELLEL 2175 N'DIREL
SAED RONCO RIVER KASSAK SUD 327 N'DIAEL
SAED RONCE RIVER KASSAK NORD 800 N'DIAEL
SAED TRIAGAR RIVER THIABAR 1900 DIOVOL
SAED THIAGUNAR RIVER BOUNDDLIM 3200 LOWER BOROM
SAED DEB! RIVER DERI 1300 RIVER
SAED EROUPE MOTO POMPE  TAHOUEY NCOMBD 300 OLD TAWOUEY
SAED GROUPE WOTO PONPE  TAMOUEY THIAGD 500 OLD TAHDUEY
PRIVATE (SS RIVER £S5, BALKY, SOUSSE 7300 DIDVOL/LAC BUIERS
SONADER  MPOURIE RIVER MPOURTE 1216 RIVER

16

The water is currently supplied to the large perimeters™ in several

different ways:

I go¢D: societe d’'Amenagement et d Exploitation des terres du Delta, de la
vallée du Sénégal et de la Faléme.

12’ 5ocas: Societe de Commercialisation Agricole du Séneégal.
13 ISRA: Institut Sénégalais de Recherche Agricole.

# cs5: Compagnie Sucriere du Sénegal.

13 sONADER:  Socieéte Nationale d'Equipement Rural.

% Ret,: GERSAR CACG, EUROCONSLLT, SIR ALEXANDER GIEB & PARTNERS, SONED-
AFRIQUE, Plan Directeur de la rive gauche, draft, June 1982, p. & and 57.
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X perimeters along the Tahouey canal and Lac de Guiers; direct pumping
from these scurces,

¥ perimeters along the river; gravity flow through water control
structures during the rainy season, and by direct pumping from the river
during the dry season,

¥ Dioudi Park; gravity flow during the rainy season,

¥ along the Gorom/Lampsar slough; by pumping from this channel which is
itself filled by gravity flow during the rainy season and by pumping
during the dry season (Roncg pumping station).

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

All the perimeters — large and small (P1V) - are inventoried yearly by
the OMVS Evaluation and Planning Unit (CEPC). This inventory permits the
annual and seasonal determination of the cultivated land area (SC). The
situation for the reference year 1987 is given in section 2.3.

S.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 delta watercourse network into the sections and sub—
sections described in table #3.

BEach of the sections has its own hydraulic comditions. Characteristic
dry and rainy season conditions, in the zones for which water level data has
been recorded, are described in @ annex 2 for the period 1987 to 1989. The
perinds chosen for each of the seasons on the hydrogeological maps are:

¥ dry season (end pf the dry season); from May 15 to July 15
X rainy season: from August 15 to October 15

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

X the Lampsar; from a theoretiﬁaln

for the dry season, (March 1788)%.

graph and from field measurements

19

¥ the lower Gorom; from field measurements’’ made between 10/15/80 and

2/20/81.

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

7 Ret.: GERSAR, BEURDCONSULT, SIR ALEXANDER GIBB, SONED-AFRIGLE, June 1989,
figure 2.6, p. 43.

B rat.: same document, p. &.

¥ Ret.: SAED, 1960.



Table #3:

#

1
2

ZONES
ATLANTIC
LAC DE GUIERS

LOWER DJEUSS
LOWER LAMPSAR

MIDDLE LAMPSAR

LOWER GOROM

DIOUDJ

DIAMA RESERVOIR
ROSSO
UPPER MBELL

DIAMA DOWNSTREAM
UPPER MBELL

REMARKS
SEACOAST

VARIABLE WATER LEVEL

DURING THE YEAR

FILLED THROUGH TAHOUEY CANAL
FRESH WATER RESERVOIR

FOR THE CITY OF DAKAR

VARIABLE WATER LEVEL
DURING THE YEAR

FILLED BY RONCG STATION
AND OPENING OF THE
DAKAR BONGO BRIDGE-DAM
ZONE DEFINED BY

KEUR MOMAR SOW

CONTROL STRUCTURE,
BONGO BRIDGE-DAM,

NDIOL BRIDGE-DAM -

VARIABLE WATER LEVEL
DURING THE YEAR

FILLED BY RONC@ STATION
AND DPENING OF THE

ROSS BETHIO BRIDGE-DAM
ZONE DEFINED BY

NDIOL BRIDGE-DAM,

NDONG CONTROL STRUCTURE

VARIABLE WATER LEVEL
DURING THE YEAR

FILLED THROUGH GAELA
STRUCTURE, AFTER BOUNDOLM
FPERIMETER DRAINAGE

ZONE DEFINED BY G STRUCTURE
{(LEFT BANK DIKE) AND NDONG
STRUCTURE

VARIABLE WATER LEVEL
DURING THE YEAR

GRAVITY FILLED THROUGH

D AND £ CONTROL STRUCTURES
ZONE DEFINED BY THE DJOUDJ
AND ITS TRIBUTARIES

VARIABLE WATER LEVEL

BY HYDRALL IC MANAGEMENT

OF DIAMA AND MANANTALT DAMS
ZONE DEFINED BY DIAMA DAM,

PK 143, MBELL CONTROL STRUCTURE

VARIABLE WATER LEVEL
INFLUENCED BY TIDE

ZONE DEFINED BY DIAMA DAM,
MBELL CONTROL STRUCTURE
(DOWNSTREAM PART)

Delta watercourse network — Sections and sub—sections

MEASUREMENT APPARATLS
= O MASL

WATER LEVEL SCALES
SANENTE, GNITH,
RICHARD TOLL

WATER LEVEL SCALE
DAKAR BANGO

NONE, DEDUCTION FROM
"SCHEMA DIRECTEUR DU DELTA
ANNEX C,

SCHEMA HYDRAUL IGUE

JUNE 8%"

NONE, DEDUCTION FROM
INTERNAL SAED DOCUMENT
"QUELQUES OBSERVATIONS SUR LA
FLUCTURTION DU NIVEAU D’EAU
DANS LE GOROM AVAL

CAMPAGNE 1980/ 1981"

NATIONAL PARK

WATER LEVEL SCALES
DIAMA RESERVOIR + ROSSO

WATER LEVEL SCALE
DIAMA DOWNSTREAM

14



3.9 OMVS piezometric network

Within the delta limits, the Groundwater Monitoring Project was
responsible for the construction of a piezometric network of 252 piezometers.
The delta part of the entire OMVS network totals 306 observation points of
which 34 are village wells and 257 are piezometers. The map #4 "OMVS
piezometric network, locations of wells and piezometers (dlt_a b}" indicates
the distribution of wells and piezometers (black circle = piezometer; half-
blackened sguare = village well).

The BB lines on this map, coded "L (number)", indicate lines of
piezometers transverse to the Senegal River and/or within the limits of large

irrigated perimeters, and for which piezometric profiles have been traced (see
annexes 8 and 7).

The OMVS piezometric network, irregularly distributed in the delta,

permits hydrogeclogical observations to be made at local and regional scales.
It contains:

¥ 26 village wells on the left bank and 28 on the right bank,
¥ 173 piezometers on the left bank and 79 on the right bank.

The wells are generally located at the 0Ouallo/Dieri limits. !"brezothan
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 piezometric network plarﬂement criteria were defined in the Terms of
Reference of the project document®.

In general terms, these criteria are:

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

2) 10 pre-selected piezometric profiles (kilometric scale)
transverse to the Senegal River wvalley (short, medium and deep
piezometers) .

3) approximate density of one piezometer/100 kn12 (short, medium
and deep piezometers).

4) some piezometric profiles (metric scale) transverse to the
river in the zone influenced by Diama Dam (short and medium
piezometers).

9] one piezometer per distinct geplogical formation, according to
the probable shape of deep under-lying aguifers.

Point #5 allowed for the construction of two and sometimes three
piezometers at the same geographic site, each installed in a different
genlogical target.

X See annex #3, figure #3.

2 p1p, 1983,
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4 DELTA ~ AQUIFER CHARACTERISTICS
4.1 A priori description

Within the confines of the delta, the project performed 6 pumping tests
in unconsolidated, sedimentary terrain (see the locations map #12 following
page 28).

The pumping test sites have very similar aquifer formations. They are
schematically described as follows:

O surface layers are a combimation of horizontal
i strata composed of silt and clay, sometimes
fine sand,, belonging to Recent/Sub—recent
sediments®. Together, these strata form

the semi—permeable layer #1.

relatively homogenous aguifer, made of fine sands.
These sediments are usually Nouakchottian
deposits, and, sometimes, upper Inchirian sediments.

15718 m -~
i a combination of horizontal strata composed of
silt and clay., Total thickness varying from a
few to many meters. These stratified layers are
upper Inchirian sediments, and, sometimes,

lower Nouakchottian sediments. Together, these
strata form the semi-impermeable layer #2.

heterogenous aquifer composed of fine to medium

AGUIFER II grained sands with a significant silt content.
These sediments are located in the Inchirian
sediments.

40/ m @ ——————

The geographlc distribution of the pumping test sites within the
confines of the delta and the geometric similarity of the aquifer formations
examined {on a local scale) infer that similar aguifer formations underlie the
entire delta {regional scale).

The structural description presented above, withﬁ.lt the description of
the geologic formations, was also noted in the Audibert™ report conclusions.

The sediments of semi-permeable layer #! (clay and/or silt) were
described in detail in the P.N.U.D/F.A.0O. (19773 pedological and
geomorphological study. Local +terms for the varic%s s0il types (textural
distinctions} based principally on clay content®, are: Hollalde, Faux
Hollalde and Fonde.

HOLLALDE o0 % < % CLAY
FAUX HOLLALDE 30 % < 4L CLAY < D54
FONDE ¥ CLAY < 30%4

z The reader will find, in annex 3, detailed geological descriptions, and
accompanying maps, of the stratigraphic series entountered in the delta.

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

M p N,U.D.F.A.0., 1977, p. 265, table 19.
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Lateral extensiuns of aguifer I, including the semi-permeable layer #1,
are limited:

¥ to the North and South by the Duallo/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 delta limits,

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

¥ to the East, by the geologicaﬁ boundary proposed by Audibert25 and
structurally confirmed by the DHES,

¥ 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 wvertical and horizomtal 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 aguifer 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
theoryﬂnf regional wvariables. The calculations were made with the thelp of

computer software.

The following premises were associated with the geostatistical approach:

1) semi-permeable layers #1 and #2 are defined, first of all,
grarulometricaly, as contiguous, Juxtaposed stratigraphic horizons
composed of silts and/or clays. In other words, if two or more
successive stratigraphic horizons are each classified as being composed
dominantly of clays and/or silts, then the stratigraphic combination
constitutes one unigue hydrogeological semi—permeable layer.

2) semi-permeable layers #1 and #2 are, thereafter, defined geologically
in relation to stratigraphic series (see section 4.1 and annex 3 of this
report). If depths to the uwpper surfaces of each of the stratigraphic
series in the delta are known, then the maximum and minimum 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 =ilt)
Within the bounds of the delta (seacocast and Ouallo/Dieri boundaries),

229 boreholes (project +  Audibert, 1970) provide information about the
exlstence or absence of semi-permeable layer #1.

B Ref.: pudibert, 1970, document 11, plate 2.
B Ret.: DHE, 1985, plate 3.

4 Ref.: Golden Software Inc., SURFER - version 4, p. 3-26 and after.
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Semi-permeable layer #1, 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
sSeason } and to geomorphological features existent at flood times.
Hypothetically, the minimum elevation of the upper surface of semi-permeable
layer #1 is (ASL) —2.0 meters®™. Conzeguently, all piezometers going through
a first layer (clay and/or silt), of which the upper surface is situated at
(ASL) elevation > or = -2.0 meters, are considered to cross semi—permeable
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.

SEMI PERMEABLE LAYER #71 — (CNO PTS=2290

a. o4 PELTA RBSIOM, DIBTR. OF THICKHESSES

o.ra -

% PER CLASS
a
F
»
1

e
18 12 1 186 1@ 20 22 =24 26
CLASS = 1 M CTH|CXNESS

Figure 2?2 Semi-permeable laver #1: distribution of thicknesses

The statistics concerning the thickness of semi—permeable layer #1,
composed of silts and clays, are:

UM, PTS. 229
MIN. VAL, (m) 0.00
MAX. VAL . (m) 31.17
AVERAGE (m) 3.77
ETD. DEV.(m) 5.38
MEDIAN VAL . (m) 2.00

19% of the piezometers da not cross the cshallow semi—permeable layer.
Conzequently, discontinuous zones can be expected and are indicated on map #&
"Semi—permeable  layer #1 (clay and/or silt - Probable Discomtinuity Zones
(dlt_agld)'.

The average thickness of layer #1 is on the order of 3.77 meters and
76.83% of the boretoles cross this laver.

B cee annex 3, structure contour map of the uwupper surface of the
MNouakchottian, corresponding to the base of the Actuel /Sub—-Actuel sediments.
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The median thickness of the layer 1is 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 contiruous accumulation of clay and silt strata from the
Nouakchottian and Post-Nouakchottian stratigraphic @ series. Semi—permeable
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—permeable layer #1 (clay and/or silt - isopachs (thickness) in meters
(dit_agle)". The contour line spacing is 4 meters.

Statistical comparison of the field measurements (irregular grid of thﬁ
OMVS network)] with thickmess values extrapolated for regular grid poihts
{geostatistical calpulations vusing 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 layver #1 (clay and/or silt) can go to zero inside the 2 meter
isopach line. The Z meter line defines the zones of probable discontinuity in
the upper impermeable layer. This conclusion is especially true when their
are few data points.

Probable discontinuity zone #1 is located on the edge of the delts, in
the S.W. sector between the Lampsar watercourse and the Cuallo/Dierl limits,
with a N.W. crescent connected to the seacoast. This zone includes the
Hirette and Nguinor Toundous composed of dune sand dating from the Ogolian.
These sediments constituted areas not submerged during the Nouakchottian
marine transgression,

Probable discontinuity zopne #Z is located at the N.W. limit of the
delta.

Frobable discontinuity zone #3 covers Dijoudi Netionel Park. Having no
data points in  ite interior, this zone would seem to be of mathematical
origin, developed during the geostatistical 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
geclogical sections (see  annex 4C, figures CCO&2D and ARCSZD) shed 1ight on
the causes of the beterogeneity of layer #1. Despite the calculated
probability of a discontinuity, the #1 impermeable layer was observed almost
everywhere within the limits of this perimeter, except at the sites of
piezometers BADODY and GAOOD4. The discontinuity of this impermeable layer is
related to the extreme granulometric heterogeneity of the Post-Nouakchottian
sediments,

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

B Ref.: Golden Software, Inc., p. B-40, applications of the SURFER,
"Residual" function,



10 Km

DELTA REGION

RIVER

SCALE :

ENEGAL

o

1O\

us
£
=
a
-
=
-
I
[T
Il
0
<L
0

4 PT5.

LAYER #1 (CLAY AND/OR

QUADRANT —
IS (THICKNESS) IN METER

LT
-
Y-
= O
Wi
0
4
=
bid |
8
|
|
|
L — i e — o - i AL _
vy |
oy ) (0 o i
I e > T £
vy oo o0 M P



v

MU

SENEGAL =

VER — DELTA REGION

SCALE : L i = 10 Km

MAR N2 G

1349 - SEMI-PERMEABLE LAYER #1 {(CLAY AND/OR SILT)
KRIGING — OQUADRANT — 4 PTS, RAD=15
PROBABLE DISCONTINUITY ZONES

\“
%ﬁ?
.
)

18225 L 1~ ]
& e

AN ‘/l) R
S IR < s e
z R 3 TN 224 * {
s YO \ ¥ A )
1E00 2 S . @
e <_{} l} <+ {:«, S ﬂ + n
‘ /,F ‘g\ "_/T oy ‘i. u-..‘f} . -\,‘ b M_\.
e e STy
- + /f/ 7 AR JETT g /f C (/
| " & ¢
/ 3
; |‘ ; m :‘.\ / ‘C) /
o s
f + ; y :
~ | hd *ﬁrs % e /? } Z/ |
- e * Yy ~
o R o /. ;
. ) i p o
. i \\r".} - 2 . vy
P > @ ([ ~o Prs = 220
- ' . \{S/ /
' } - R O & MIN. = 0 M
P ’ ‘g MAX, = 32 M
L + 4 L
17RO L f ‘ LA | ; (& I |
e <+ < < <
™y U ™~ &) N
I~ (ND] M M <t




4.2.2 Semi-permeable layer #2 (clay and/or silt)

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

Semi-permeable layer #2, composed of clay and/or s11t, belongs to the
base of the Nouakchottian sediments and/or the summit of the Inchirian
sediments. Hypothetically, the maximum and minimum 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 wvalues 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 fo
data extracted from 311 the 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 = -1 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 andrsor
silt) within the confines of the delts,’ as described above.

4

SEMI PERMEABLE LAYER #2 ~ (NO PTS=4350)

0.z DELTA REGIDHN, DISY. OF THICHNESSES
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Figure 3 Semi-permeable layer #2: distribution of thicknesses

The statistice concerning the thickness of semi-permeable layer #Z,
composed of silts gnd clays are:

MNM. PTS. 45

MIN. VL. (m) 0.00
MAax. VAL, (m) 21.00
AVERAGE (m) 5.40
STh. DEV. (m) 5.24
MEDIAN VAL . (m) 3.00

¥ see annex #3, structure contour map of the upper surface of the Inchirian
sediments.
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204 of the piezometers do not cross semi—permeable layer #2.
Consequently, semi-permeable layer #2 is probably discontinuous. The zones of
probable discontinuity are shown on map #8.

The average thickness is about 3.4 meters.

The median thickness is  about 3 meters. The standard deviation (35.24
meters) indicates a wide range of thicknesses for semi-permeable layer #2Z.
The maximum thickness measured 1s 21 meters. The greatest thicknesses of
seml—-permeable layer #Z2 (clay and/or silt) are located along the banks of the
Senegal River and some of its connected watercourses. The reader will find,
on the next page, map #7 ‘"Semi-permeable layer #2 {clay and/or silt) -
Isopachs (thicknesses) in meters (dlt_agZe}". The isopach contour lines 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 statistiral comparison of the field measurements (irregular grid oﬁ
the OMVS network) with those extrapolsasted for a set of regular grid points
(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 imdicates that the thickness of
semi—permeable layer #2 (clay and/or silt) can go to zero inside the 1.5 meter
isopach curve. Tree 2 meter curve indicates the zones of probable
discontinuity of impermeable layer #2Z (see map #8 "Semi—permeable  layer #2
{clay and/or silt) — Probable discontinuity zones (dlt_ag2d)").

There are two zones of probable discontinuity:

Zone #1 is situated in the North of the delta and zone #2 to the west of
Lac de Guiers. Some small discontinuity Zones are located along the N-S
=tretch of the Senegal River up=ztream 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 town of Keur Macene,

Z2) N.W. of Lac de Guiers in the zone where Ancient and Middle GQuaternary
sediments are very shallow.

4.2.3 Aguifer

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

% Ref.:  Golden Software, Inc., p. B-40, applications of the SURFER
"Residual" function.
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extension of semi—permeable layers #1 and #2 is significant within the
confines of the delta.

This schematic description of the agquifer modifies the initial
hypothesis of two distinct aguifers (see section 4.1).

Within the confines of the delta, the aquifer situation is one aquifer

compartmentalized into two Jjuxtaposed recervoirs, linked across their mutual
bowndary.

Following this section, the reader will find map #9 'Gguifer -
structural contours of the upper surface (m ASL) {dli_aqglt)”. In the zones
where semi-permeable layer #1 (clay and/or silt) exists, the upper surface of
the aquifer corresponds to the base of layer #1; in the zones where semi-
permeable layer #i: (clay and/or silt) is considered to be probably
discontinuous, the upper surtace of the reservoir corresponds to  the
topographic elevation of the piezometer site.

Tte statistical comparison of the field measurements (irregular grid DE
the OMYS network) with those extrapolated for regular grid points®
{geostatistical calculations using the Kriging method) are:

¥ on the average, 0.02 meters,
¥ standard deviation of 1.82 meters.

The standard deviation is large and indicates that the aguifer may be
considered unconfined within the 2 meter contour line, i.e., with an
unrestrained water table and am unsaturated zorne.

Following this section, the reader will find map #10 "Aguifer -— upper
compartment - structure contours of its lower surface (m ASL) (dlt_aglb)'.
The elevation of the periphery varies between -8 and —1Z2 meters, sometimes
attaining values >-20 meters. These particular zones correspond to zones of
discontinuity in the clay/silt layer #2Z (see section 4.2.2).

Following this section, the reader will  find mep #11 "Aquufer - upper
compartment — isopachs (thicknesses) in meters (dlt_agle)” whach indicstes the
zones where the aguifer thickness is zera. These zones are located:

1} near the irrigated perimeter at Debi, where, as previously mentioned,
there are shallow Inchirian sediments {see section 4.2.2),

?2) between the irrigated perimeters at Boundoum and Grande Digue Tellel
Kassak, to the West of the Lampsar,

3) near Kbeun, midway between the towns of Keur Macene and Rosso, along
the Senegal River.

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

% Ref.:  Golden Software, Inc., p. B8-40, applications of the SURFER

"Reosidus?!" functioe,



In conclusion, the aquifer is characterized:

¥ by an upper compartment structuraily confined or unconfined, depending
on  the existence or absence of semi—permeable layer #1  (clay and/or
silt),

¥ by an upper compartment hAydrogeclogically 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 aguifer may possibly change seasonally during the annual cycle.

¥ the upper compartment of the aquifer has a relatively homogenous
granulometry but is discontirnuous 1In thickness (thickness of the
compartment is sometimes zero).

¥ the thickness of the upper compartment varies from O to 12 meters and
is principally located in Nouakchottian sediments, sometimes in the
upper parts of the Inchirian sediments,

¥ the thickness of the lower compartment has not been determined by the
project. .
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o DELTA - HYDROGEDLOGICAL CHARACTERISTICS
9.1 Structural hydraulic parameters
S5.1.1 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 level, a hydrauli%
conductivity test (KK) was performed, by the dropping water Iavel method®
{slug test). The interpretation method used was that of Hvorslev®.

Uee of this method does not depend on  the shape aof the reservoir being
tested. Unsuitable for use in plasigc clays (rare within the confines of the
delta and always at the surface) it takes into account the shape and
dimensions of the piezometer intake (length of the intake systematically = 1
meter}.

2 This method is suitable for values of transmissivity less  than 10'3
m"/sec. When transmissivity values are close to or greater than this limit,
the drop in the water level is rapid (often instant) and practically
unmeasurable., In such cases, only pumping tests will provide the hydraulic
conductivity values needed.

Within the delta 1limits, the project performed 211 hydraulic
conductivity tests by the dropping water level method. The notion of an
aguifer 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 inteke greater than 13 meters.

Figures 4 and & indicate the logarithmic distribution of the hydraulic
conductivity wvalues by geological formation; upper and lower aguifer

compartments, respectively.

dnnex 3 includes the lists of hydraulic comductivity values for esch
group (upper and lower sgquifer compartments).

8 Ref: Societé d'Energie de la Baie James, March 1978,
% Ret: FREEZE and CHERRY, 1979, p. 340-341.

B Rret.: Audibert, 1970, document IV, p. 10.
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UPPER PART OF ALUIFER = INTAKE DEPTH < 13.0 M
STATISTICS INTAKE K(Cm/s) LOG{KK)

DEFTH
NUMBER 137 137 137
MIN. 4,00 8.50e-07 —-6.07
MAX. 13.00 3. 40603 —Z.47
MEDTAN - 3.00E—-4 -3.52

LOWER PART OF ARIIFER = INTAKE DEFTH > 13.0 M
STATISTICS INTAKE K{Cm/s) LOG(KK)

DEPTH
NUMBER 74 74 748
MIN ) 13.0 1.8E-07 -5.74
MAX 9.2 2.9E-03 ~2.26

MEDIAN - 6.95-04 -3.15

For both cases ~ upper and lower aquifer compartments, we see that:

1) the range pf hydraulic conductivity values is large (1x107%
cm/s to 2>1¥%10° cm/s) reflecting the bheterogeneity of the tested
sediments,

Z) all the geological farmations are well represented in each of
the classes of logikk) except for the TC formation far which all
the conductivity values are in the upper range (>1%10° cm/s) (see
figure 3).

Seven piezometers tap this formation, a substratum of Ouaternary
sediments. All are located 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). This
class corresponds to the upper limit for which the dropping water level method
should be used to measure hydraulic conductivity. Beyond this limit the rate
of drop 1is too rapid to interpret~3 accurately. In these situstions, a
hydraulic conductivity wvalue of >1%10° om/s was attributed. Such was the
case for about 40% of the tests made. If the distribution of hydraulic
conductivity walues is log—normal, as is often the case (Freeze and Cherry,
1975}, then the median value can be determined. Assuming that the hydraulic
conductivity wvalues are distributed symmetrically about the median, the
standard deviation can be estimated. The value of the standard deviation 1is
estimated such that the values "median +/— standard deviation” include 2/3 of
all the hydraulic conductivity wvalues measured.

This estimation wa=s made for the upper and lower agquifer compartments
and the two combined. The results are:

aguifer number median std.dev.
cm/s -4 -4
upper 137 3.0%10 2.7%10
lower 74 6.9x107 6.5%10
combined 211 4.4%107 4.0x10
The ranges of values between the limits - "median value +/- standard

deviation” - overlap for the two compartments and make any differentiation
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between the hydraulic conductivities af the compartments difficult, especially
it the number of samples is small. In other 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
caused by the geglogical natures of the upper and lower compartments?

To answer this guestion, 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 deviastion of the
differences between tﬂF average values of each of the compartments is given by
the following formula™:

o = ((Uzsf’lg)ﬂczifri))i

where:
g, = standard deviation of the hydraulic conductivity values for the
upper compartment,
g, = standard deviation of the hydraulic conductivity values for the
1 r compartment, ; . .
n = number of hydraulic condurtivity values for the aquifer’'s upper
c%mpartment,
n, = number of hydraulic conductivity values for the aquifer’s lower
cﬁmpartment.
The wvalue of o, which results frqﬁ use of the formula with the median
hydraulic Conductivit% values is 7.9%10° cm/g. The difference bﬁtween the
median hydraulic conductivity wvalues (&6.9%10 — 3.0%10" = 3.9%107 ) 1is 4.9

times greater than the value of op -

Consequently, the lower compartment sediments are twice as permeable, on
the average, as the upper compartment sediments. Even if the statistical
differernce is clear, it is good to consider the criteria used in the field for
stopping the drilling work: the determination of the most permeable horizon
over the depths cormsidered for the drilling programs — cshallow (<10 meterg)
and deep (> 15 meters and < &3 meters). The probability of encountering a
more permeable horizon is greater for the deep boreholes than for the shallow
boreholes.

The range of values between these limits - "median value +/~ standard
deviation" - coincides with the low wvalues of hydraulic conductivity
characteristic of semi-permeable aquifer formations (fine sand and silt)
{ref.: Bear, Zaslavsky and Irmy, 1948). This coincides perfectly with the
results for the Quaternary sediments found in the confines of the delta during
construction of the OMVS piezomeiric metwork. We propose th@4value5 for the
comhined compartments: 4,4%10° cm/s (average) and 4.0%10 "cm/s {(standard
deviation).

% Arkin and Colton, 1970.



9.1.2 Pumping test results

Within the confines of the delta, the project performed & pumping tests
(DAOO1, DAO3Z2, DAOBZ, GAOO36, BAOZ55, GACZA4). The pumping time was limited
to 48 bours and the time of observation of the water table rise was also
limited to 48 bours. The reader will find the locations of the sites om map
#12 "Pumping test site locations (dit_locg)” The hydraulic parameters of the
aquifers tested37 are listed in the table below. They are shown 1in  the
following order™, specific discharge (Gc), specific critical drawdown (Do},
coefficient of transmissivity (T), aguifer thickness (E}), horizontal hydraulic
conductivity (KQ), coefficient of storage (5), drainability factor (L), the
coefficient of drainability {(c) and vertical hydraulic conductivity (Kv).

Table #4: Aguifer hydraulic parameters

PARAM.UNITS DAOO1 DAO32 pAa0a3 GAOO3S GAOZSS GAOZ64E
Gc m3/hr 14.0 ND »10,0 ND ND 12,0
Dc m 1.48 ND >3.0 ND ND 4.0
T mz2/s 2.950E-0% 2.00E-03 Z.00e-02 NI NI 1.006—03
E m >21 20.0 7.0 >5 >19 >20
K@ m/s 1.00e—04 1.00E—Q4 2.8&8-03 NI NI 4.00E-Q5
5 none 1.00e-04 4.00e-04 NA NI NI 7.00E-04
L m 780 579 NEY NI NI 109
c days 2600 1887 NA NI NI 121
Kv m/s 2.00E-09 &4.00E-09 N NI NI 4.00E-07

COMPARTMENT LOWER LOWER LOWER LOWER L OWER LOWER

INTERPRETATION  WOLTON® WAL TON Jaco S - WAL TON

ND = not done
NA = not applicable

NI not interpretable

The observation piezometers for the DAOBI pumping station did not show
2 response during the test, thus the interpretation is not rigorous.

The GAOO3EL  and GAOZSD pumping stations emptied after a
pumping, thus halting the tests.

few minutes of

In this table, the vertical hydraulic conductivities. the coefficients
of drainability and the drainability factors, show the effect Df the semi-
permeable interlaminate layer (semi—permeable layer #2).

The pumping tests performed by the project did not test Iwtl*\e upper
compartment. However, SOGREAH et al. did test it and they concluded

"the aguifer tests showed that:

¥ the so—called "upper” aguifer, in principle, between the elevations
{ASL) —10 m and —-14 m, is poorly isolated and is partlalgy 5;nked to thg
lower aguifer, Jts transmissivity is on the order of 10 /s (K=2%10
m/s).

¥ For a rigorous, scientific definition, see Castany, 1977.
¥ Rpef.: Kruseman, 1979, p. B1.

¥ Ref.: Kruseman, 1979, p. 59.

Y Ref. :S0BREAH et al., 1978, p.S8.
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¥ the "lower" aguifer, between about -16 m and —30 m, iIs situated in a
terrain ofi?eqy homogenoys permeability. Its transmissivity is on the
order of 10 m%s (K=6%10" m/s).

¥ the two aquifers are recharged by the Senegal River which we can
consider, without great error, as a linear East-West recharge situated
about 300 m ...

¥ the two aquifers behave as confined aquifers, t coefficient of
storage of the lower aquifer being on the order of B%10."

The lower compartment, submitted to pumping tests at six distinct sites,
contains a semi—confined aquifer which is weakly recharged by wvertical
drainage, as is shown by the large values for the drainability factor (L) for
the DAOO1 and DAO3ZZ sites. This agquifer belongs to Inchirian sediments {see
the structure contour map of the Inchirian in annex 3).

The substratum {Tertiary stratigraphic series) was not tested.

The hydraulic conductivity values obtairned with the slug tests (KK) are
one order 0f 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 (4B hours) characterize a much 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 > ¥0O.

Despite the difference of one order 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 (2713},

¥ the spatial distribution of the slug tests in the delta is good,

¥ the vertical distribution of the testc (shallow and deep boreholes)
represents both equifer compartments,

¥ the hydraulic conductivity wvalues interpreted from the test results
reflect the geological nature of the sediments which are tapped by the
OMVS piezometric network.

Therefore, the average hydraulic conductivity wvalue of =4.4x10™" emss
will be used in later calculations.

” The values of (5) determined from the pumping tests are on the aorder of
107 {dimensionless). These values are characteristic of confined aguifers.

Thec)retical41 values of (8) for unconfined water tables are:

gravel 23 to .22

sand 23 to .28
silt .08
clay .03
dunes .38

1l Ref.: Todd. 1980.
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The geometric description of the delta aguifer (see chapter 4), iIn
relation to its principal structural hydraulic parameters (K, T, 5 and Kv) is
presented below.

Tte hydraulic conductivity wvalues mentioned in this description
originate from pumping tests (KG=cm/s), hydraulic conductivity test (KK=cm/s)
and granulometric analyses (KB=cm/s).

0 surface

107 ¢ kB < 10 Tcm/s  semi—permeable layer #1

4/5 m ARUIFER LIPFER COMPARTMENT
KK hor. v. median = 3.0 % 107 cm/s
KK std. deviation = 2.7 X 10:; cm/s
KQ hor. Sogreah = 2.0 X 10_3 CT/S
T Sogreah = 10_4 m" /sec
S = B.0 X 10
15718 m
semi—permeable layer #2
KQ vert. = 107 to 107 mrsec
19/30 - AGUIFER LOWER COMEARTMENT

6.9 % 107 cavs

KK hor. v. median 4
6.__5{ ¥ 107 cm/s
10

KK std. deviation

K@ hor. = 103 to 16% cg/s
T = 107 to 1 mé/sec
S = 10

40/50 m ———mmmmmm —

substratum
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3.2 OBGechydrochemistry

For the entire delta,; a total of B9 samples of groundwater (74) and
surface water (15) were analyzed by the WNational so01l and water analysis
laborataory (Laboratoire National d’'Analyses des Sols et de 1'Eau — LANASOL),
operated by SONADER™ in Nouakchott, for major cations and anions, as well as
nitrites and nitrates.

Analyses results (tables and graphs) are presented in  annex &. 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 ference, the average chemical composition of sea water,
as proposed by ORST y is also given.

Additional samples were taken at some 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 differentiated zones parallel to nearby
watercourses.

The chemical content of the groundwater samples does not wvary regularly
as a function of sample depth, or the distance of the sample site from the
nearest watercourse. The reader may refer to the graphs 1in annex & for
illustrations. Variation in Cl content with depth of the piezometer intake is
shown  in figure #2 of the annex, and with horizontal distance from the sample
site to the nearest watercourse is shown in figure #1. The Cl content varies
extremely irregularly with depth and horizontal distance. This indicates an
aquifer which 1s very heterogenous, both vertically and horizontally, and of a
discontinuous, lenticular nature.

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

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

ratios equations {depth = m) remarks
Cl-/804-— vy = 1.04779 (depth) + 13.2593 significant
Ci-/Na+ y = 0.0034160 (depth) + 1.7546 weak
Mg++/Cat++ v = 0,0111616 (depth) + 1.13089 weak

Na+/ K+ y = 0.00856544 (depth)} + 16.6412 weak
{Na+K)/{Ca+Mqg) y = 0.05230146 (depth) + 2.99517 significant

A vertical chemical stratification 1is also identified. Figure 6
indicates the 5.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).

% soNADER = Societe Nationale pour le Développement Rural.
B Ref.: sAOS, 1985, p. 22, table 5.
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The variation of the typical ion concentration ratios (see tables, amnex
6) also show that the ratios vary with distance from the sample site to the
nearest watercourse: decrease for the ratips Mg++/Cat+, (NatkK)/(Ca+Mg)  and
Cl-/S04—; increase for the ratios Cl-/Nat+ and Na+/K+.,

The best~fit linear eguations for the changes with distance are:

ratios equations (dist. = km) remarks

Cl-/504— y = —2.8774% (dist.) + 42,0159 decrease
Cl—/Na+t y = 0.,0609257 (dist.) + 1.69932 increase
Mg++/Ca++ y = —0,0630874 (dist.) + 1.305%4 decreacse
Na+/K+ y = 0,923927 (dist.) + 14,5533 increase
(Na+K) 7/ (Ca+Mg) y = — 0,175714 (dist.) + 4.,49836 decrease

The reader should understand that these equations are not precise but
are merely analyticsl tools.

09.2.1 OGeghydrochemical facies

The gechydrochemical 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
i= of marine origin.

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

~ The geohydrochemical facies for surface water are principally of the
sodium chloride and potassium chloride types (11/15) with a few exceptions
(3715 —calcium and magnesium bicarbomate; 1/15 — codium sulfate).
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The locations of water samples which do not fit the geohydrochemical
facies typical for the reqion are shown on map #13 "Water analyses of non
sodium chloride type (sw_gwchm)"

5.2.2 5.A.R. - Sodium adsorption ratio

The map #14 "S.A.R. — sodium adsorption ratio — period 1987-1988 (sar)',
imdicating the A.R. isovalues of the groundwater, was drawn uwsing the
following classes :

class number samples/class

code limits surface groundwater
S1 0 < SR < 10 15715 20/74
S22 10 < SAR < 1B - 13/74
53 18 { S8R < 26 - 11/74
s4 5AR > 26 - 30/74

The 51 and S2 class water samples of generally come from village wells,
rarely from piezometers, located:

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

¥ near Dioudi national park, south of the Debi perimeter,

¥ along a N5 axis passing through Lac de Guiers and the town of Rosso,
and coincident with the unconfimed aguifer zone. '

The S3 and 54 class water samples come from the zones where the large
irrigated perimeters have been developed, except for the (55 and the M pourie
perimeters which are located in the esastern part of the delta in the
unconfined aquifer zone. The perimeters are located in beavy scils of the
impermeable clay/silt layer #1.

f11 the surface water samples are class 51. We note, however, higher
S.A.R. values for the surface waters from the sloughs (Lampsar, Dieuss and
Gorom). This reflects their status of natural drains receiving salt loaded
water from fields where the soil is leached before planting.

9.2.3 T.D.5. - Total dissolved solids

The map #15 "T.D.5. — Total dissolved solids (mg/1l), laboratory values
{tds)" indicating the T.Dg5. isovalues of the delta groundwater, was draw:
using the following classes™:

number of samples

limits mg/1 class surface groundwater
O < 705 < 1,000 fresh 11/15 8/74
1,000 < TDS < 10,000  brackish 4/15 32774
10,000 < ThS < 100,000 saline - 34/74
100,00C < TDS brine - 0/74

The fresh and brackish samples generally come from village wells, rarely
from piezometers, located:

¥ along a NE-SW axis, parallel to the Duallo/Dieri limits in the south
of the delta,

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

M Ref.: COOPERATION ET DEVELOPPEMENT, 1984, p. 95.
Y pef.: FREEZE, p. B4.
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¥ along a N-5 axis passing through Lac de Guiers and the town of Rosso,
and coincident with the unconfined aguifer zone (see map #25).

The saline water samples come from the zones where the large irrigated
perimeters have been developed, except for the C55 and the M pourie perimeters
which are located in  the eastern part of the delta in the unconfined aquifer
zone., The perimeters are located 1in beavy solls of the impermeable clay/silt
layer #1.

The delta groundwaters are highly mineralized and, considering their
high sodium adsorption ratio, are unfit for irrigation.

The surface water samples are practically all (11/15) in the frestwater
class. The four T.D.5. surface water values which do not fit this class come
from the sloughs (Lampsar, Dieuss and Gorom). This reflects their status of
natural drains receiving salt loaded water from fields where the soil is
leached before planting.

9.2.4 Pesticides and herbicides

Chemical analysgs of the herbicide and pesticide contents of the delta
waters are inexistent because local. laboratories are not adeguately equipped
for this kind of specialized analysis,

The project simply inventoried the different pesticides, herbicides and
application rates used by organizations like €8S and SAED (see annex #7}.

This inventory only concerns the left bank of the delta, even though the
same information was requested from SONADER, RIM.

If a sampling campaign is ever made, 1t should be concentrated near the
drainage areas of each of the large irrigated perimeters (see table #2, p.11).
These drainage areas constitute bigh risk zones.

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

¥ Ref.: Gersar, 1989, p. &2.



& SEASONAL FLUCTUATION CYCLES - PERIOD 1987-1989

The 0(GES data base contains a chronological series of water depth
measurements with respect to fixed reference points (groundwater: monthly
measurements) and water level data for the bodies of water (surface water:
daily measurements}.

The hydrogeological monitoring of village wells has been ongoing since
November 1986 and that of the piezometers since Jume 1987, progressively, as
they were completed in the field.

The mapping of this data with the Kriging geostatistical treatment
permitted the tracing of seasonal depth contours of the water table surface
from the ground surface, for the aguifer upper compartment (surface water
excluded), and the corresponding potentiometric surfaces (including and
excluding surfare waters} of the aguifer’'s upper and lower compartments.

Maps were produced for the ends of the dry and rainy seasons of three
hydrogeological cycles (1987-198%9). Data stored in GES was extracted for
cartographic treatment according to the following criteria:

1) piezometer water intake depth <>13 meters depernding on which aguifer
compartment was considered,

2) observation periods:
= 15/05/year < dry season <15/07/year
-~ 15/09/year < rainy season <15/11/year

3) cartographic location:
- 334 < MTU-X < 426
-1769 < MTU-Y <1852

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

The maps produced with this method are difficult to analyze because the
spatial distribution of the OMVS network (see placement criteria, section 3.5
of this report) 1s very irregular and in the zones where no piezometers exist,
the values are extrapoclated. As well, the spacing between the piezometers
varies with the type of installation:

¥ metric along the pilezometer lines which are transverse to the Senegal
River,

¥ on the scale of kilometers for the piezometers situated inside the
large irrigeted perimeters and along the piezometer lines which traverse
the delta.

The reader should first determine the scale of his analysis.




6.1 Water table depths

Figure #7 indicates the distribution of depths of the water table (m}
below the soil surface by increments of 0.5 meters, for the dry and rainy
seasons  for the period 1987-198%. This log-normal distribution includes
depths (m) to the water in wells, in plezometers located within irrigated
perimeters (LP) and piezometers located outside of the perimeters (HP).
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Figure 7 Distribution of water table depths (m) by season

STAT. Ju_B7 oC_87 Jues oOcee JuB? 0C g9
NUMBER 180 172 186 157 185 170
MIN 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
MEDIAN 2.52 2.06 2.51 2.14 2.41 1.60

The median depth changes seasonally, decreasing during the dry season
(evaporation, evapotranspiration) and increasing during the rainy season
(infiltration of rainfall angd irrigation water).

Compared to the whole periocd 1987-8B9, the depth to the water table
decreased during 198%9.

The map #1646 '"Water table depth - June BB (m) - aguifer upper compartment
(mv_B8B04}" and the map #17 “Water table depth — October 88 (m) — aguifer upper
compartment (nv_B8810)" indicate the seasonal water table depths.

The seasonal fluctuations of the water table (m) can be compared to
total annual rainfall measured in the delta (14 raingauges).
Table #5: Period 1986-198% — amnual rainfall



YEAR 1986 1987 1988 1989
NUMBER GAUGES 8 14 9 S,
MIN, VAL . 87 &8 181 199
mMAX. VAL. 402 349 322 388
AVERAGE 214 182 242 268
STD. DEV. 100 B1 43 78
GES RA TNGALIGE
CODE STATIONS mm/yr mm/ yr mm/ yr mm/yr
1 ST LOUIS/AEROPORT 188 349 293
2 ST LOUIS/ JARDIN BOTAN. 245 268 199
3 NDIOL DUALLD 252
4 NDIOL DIERI 265 322 389
5 DIAMA BARRAGE 211 iB81
& NDIAYES CENTRE 246 111 215
7 ROSS BETHIO 322 201 224 200
8 BOUNDOLM BARRAGE 187 Q4
? KELR MACEMNE 183 &8 332
10 RDOSSO 407 207
11 R. TOLL/ KM B 77 165 215
12 R, TOLL/ KM 15 g7 207 255
13 R, TOLL/ DOMBO 73 203
14 R, 70LL/ MBILOR 24 219

The seasonal maps which follow indicate the depth (m) to the water table
for the aguifer’' wupper compartment only. Surface water data were excluded in
producing these maps. There is a slight, seasonal, horizontal displacement of
lines of egqual water table depth.

The spacing between contour lines of equal water table depth is 1
meter.

The maps indicate drawdown 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 of Rosso). LUse of the
wells influence the drawdowns.

&.2 Potentiometric surfaces {elevations ASL)

The average piezometric wvalues for the different seasons (dry and rainy)
over the period of hydrogeological monitoring with the OMVYS  network, were
extracted statistically in consideration of the geographic location of the
piezometers:

¥ inside the limits of the large irrigeted perimeters (piezometer
numbering code LP),

PIEZDMETRY 1987 1988 198%
STATISTILS DRY  RAINY DRY  RAINY DRY RAINY
HUNBER DATA 72 113 1B 108 125 120
HIN, -7 -4 -840 -3 -4 -3
HAX, 2.5 2.30 1.8% 2.68 178 2,463
AVERAGE -0.45 0.03 -0.29 0.26 ~0.33 0.43
§Th, DEV, 0.93 1.02 0.85 0.%6 0.86 0.99

X outside the limits of the large irrigated perimeters (piezometer
rnumbering code HP),
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FIEZOMETRY 1987 1988 1989

STATISTICS DRY RAINY DRY RAINY DRY RATNY
NUMBER DATA 22 38 Jb 45 37 4
MIN. -5 -410 LB 3000 -4 43T
NAX, 0.30 1.07 .84 1.14 1.76 {.86
AVERRGE -5 -0.07 -0, 0,23 -0.71  -0.44
§TD. DV, i.14 1.2 0.9 1.10 0.90 115

The piezometric contours based on observation points outside the limits
of the large irrigated perimeters are, on the average, systematically
negative, regardless of the season. The positive values are for piezometers
located near watercourses.

The  piezometric contours based on observation points inside the
irrigated perimeters are, on the average, negative during the dry season and
positive during the rainy season. The rainy season also corresponds  to the
"hivernage" agricultural season (infiltration of irrigation water).

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

Table #&6: Average seasonal fluctustions of the water table

YEAR 1987 1988 1989

IN PERIMETERS ©.48 0.95 Q.76

QUTSIDE —0.01 Q.30 0.27
PERIMETERS

These average seasonal fluctuations of the water table do not reflect
the beterogeneity of the aguifer. The following table lists the variations im
piezometric head (confined aguifers) and water table level (unconfinmed
aquifers) for several regions of the delta. The variations are related to
shape and structural characteristices of the agquifer.
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#7: Regional observations concerning seasonal variations in piezometric
bead and water table elevation
REGION 5T, LAYR 81  ———AUIFER-—— IRR. SEAS.VAR'N. T vert.+/- AGUIFER TYPE
THICK DISC, ROOF WAL THICK Y/N B7 B8 89 67 @ 87 &7 o8 89
(m) mASL  mASL (a) n & (W e W e
TOUNDOU BIRETTE W 0 NA # -8 4 KN 02 06 OLINMARNANA L U U
AIE LAPSIR P 2,4 & -2,-3 B B,10 YO0z 0605+ + ¢+ C C L
+ {IMVETTES BDTK
NORD CLVETTE NGAEL W 0,1 ¥ 0-1 -10 8 KHOLOLIOL- - - U U U
BOURDOUM lP 2 ¥ 0 -7 -1t B 7030304 - - - UK
DEBI P o6 Y& O, -6 -8 0,2 702 0604- - -0CCLCC
£S5, BALKY,SOUSSE P 0,2 YES G, -2 -2 8,10 ¥ Lo L0 L0+ + o+ W UCH
TRHOLEY, DOMED P 2,4 Y& 2,3 -2 " 720909 43+ + ¢+ 0 EC
THIAGAR P 2,4 Y85 0,2 -8 B? L3 02 L+ ¢ I
WPOLRIE lF 4 Y5 -4 -B,-12 B ¥V 14 1414+ ¢+ + U U U
0.3 0.6 0.6 L L €
KEUR MACENE P 4 M -4 -i2 B NOOOZOZ2Z4+ + ¢ L L L

Legend

ST.
DISC.
ROOF
WAL L
usCc
IRR.

I vert

LB- LIMITS OUALLO/DIERT W 0 N/R 45 -B B, 10 N 00 04 OINMANANA U U U

RB- LINITS OUALLO/DIERT W ¢ #/4 #3 -l4,-1&6 16 N 0.0 0.2 0.2NANANA U U Ul
ROSS0

RB- LIMITS DUALO/DIERI W 0 WA 2 -8 0 N 05 06 OONANANA U U U
KELR MACENE

for table #7:

HP = outside perimeter; LP = within perimeter limits; W = village,
discontinuity in clay/silt laver #1

aquifer upper surface elesvation

lateral aguifer limits of the upper compartment

U = unconfined; € = confined

irrigation in the region concerned Y=yes; N=no

.= vertical hydraulic gradient between the upper and lower compsrtments
(+)=downward; (-}=upward.

o nwn

It

From the table, we note that:
1} in the unconfined agquifer zones:

¥ in the center of the delta, outside irrigated perimeters (Ngael
Nord depression), the seasonal water table fluctuations are
insignificant, on the order of 0.1 meter,

¥ on the Ouallo/Dieri 1limits, outside irrigated perimeters, the
seascnal water table fluctuations are insignificant,on the order
af 0.1 to 0.2 meter,
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K within the limits of the Iirrigated perimeters, the seasonal
water table variations are from 0.9 to 1.6 meters,

¥ in the toundous, zones of discontimuity of impermeable layer #1,
the seasonal water table fluctuations are on the order of 0.3
meter.

2} in the confined aguifer zones:

¥ within the limits of the irrigated perimeters, the seasonal
fluctuations are on the order of 0.3 to 0.4 meter.

The reader will find on the following pages:

¥ map #18 "Potentiometric surfacre — June B8 - with surface waters -
aquifer upper compartment (m ASL) (z1 880&)",

¥ map #19 "Potentiometric surface — June 88 - without surface waters -
aguifer upper compartment (m ASL) (zgwBBos)'",

¥ map #20 "Potentiometric surface - October B8 — with surface waters -
aquifer upper compartment (m ASL)} (z1_BELID}",

¥ map #2721 "Potentiometric surface — October B8 - without surface waters
— aguifer upper compartment (m ASL) (2gw8B1l0)°"°,

¥ map #27 "Water table variations (meters) between June and October 88 -
with surface waters (re_8B10&6)"

¥ map #23 "Water table variations (meters) between June and Uctober 88 -
without surface waters (zgw 1005)"

These maps show  the potemtiometric surface variations and the water
table fluctuations for the months of June and Octeober 88, including and
excluding surface water level elevation data during the geostatistical
calculations.

6.3 Confined and unconfined aguifer zones

Subtraction of the seasonal potentiometric surfaces from the upper
surface of the aguifer’'s upper compartment was performed in order to develop
map #24 "Confined and unconfined aquifer zones - Jurme BB {ty BBO&)" and map
#2505 "Confined and unconfined aquifer zones — October BE (ty_8810)". The zerc
contour line delimits the two: confined aguifer = megative values; unconfined
aguifer = positive wvalue. Hashing was added to make the unconfined aguifer
zones more visible. _

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

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

The confined aguifer zone covers most of the central part of the delta
and coincide well with the zones of highest T.D.5. (total dissolved solids).
These waters are trapped under an effectively impermeable clay layer,

The surface areas of the confined and unconfined aguifer zones vary with
the season as indicated below:
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OONFINED FRACTION  UNCONF. FRACTION DELTA
PERIOD AQUIFER OF DELLTA  AQUIFER OF DELTA TOTAL

km2 % kmz % km2
JUNE_BY 2353 Sq.2% 1971 45.8% 4344
ocy_g7 2563 29.0% 1781 41.0% 4344
JUNE_B8 2403 55,54 1241 44,7 4344
OCT_88 2577 °99.3% 1747 a40.7% 4344
JUNE_B9 2386 54,7% 1258 45.1% 4344
OCT_8%9 2631 &0, 6% 1713 37.4% 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 piezometric bead (see section &.1). Because of the absence of
the semi-permeable layer, the unconfined aguifer zones are favorable locations
for recharge.

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

The electrical conductivity of the groundwater in wells and piezometers
was measured monthly during the period 19687-198%. Table #8 indicates the
distribution of conductivity values by class of D000 uS/cm, at the end of the
dry season (June/year) and the rainy season (October/year). These
distributions are indicative of the aguifer upper compartment omly.

Table #8: Distribution of seasonal electrical conductivity values
CLASSES JUNE_G7 0OCT_ 87 JUNE_ 88 0OCT_88 JUNe_ B89 0OCT_8%9

0 toc 35000 F0.00%4 90.91%4 &7.74% S3.4274 53.51% 51.48%

2000 to 10000 8.00% 6.8274 19.35% 9.32% 14.05% 8.895%
10000 to 13000 2.00% 2.27% 8.046% 10.56% 11.385% 10.465%
15000 to 20000 0.00% 0.00% 2.69% 4.97% 8.11% 3. 2%
20000 to 25000 0.00% 0.00% 1.08%4 3.7 Q.54% 0.574
22000 to 30000 Q.00% O.00% 0.54% a.21% O.54% 1.18%
0000 to 35000 0. 00% 0. 00% 0.54% 3.11% 0.00% 0.59%
J500C to 40000 Q.00% 0.00% O.00% SUTEN 1.627% 3.55%
40000 to 45000 O.00% C.00% C.00%L 1.24% 2.70% 5.92%
45000 ta 20000 0.00% 0.00% 0.00% I.734 2.70% 0.59%
20000 to 35000 0.00% C.00% 0.00% 0.00% 1.08%4 1.78%
23000 to 60000 0.00% 0.00% C.00% 0. 00% 0.04% 3. 00%
60000 to &5000 0.00% 0. 00% 0. 00% 0. O0% 1.82% 0.37%
&E000 to 70000 0.00% 0. 00% C.O00% 0. 00% 0.54% 0.00%
70000 to 73000 0., 00% Q.00% Q.00% O, 004 0.00% Q.99
75000 to BOOOC 0.00% 0.00% C.00% 0. 00% Q.54% 2.374
80000 to 85000 0. 00 G, 00% 0. 00% O.00%, 0.54% 1.78%

007 0. 0% C.00% O, 00% 0. 00% 0.00%

0

FOO0O0 to F3000 Q. 00% 0.0C% Q.00% . 00% 0.00% 0.00%

F5000 1ol 0000 0.007% 0. 00% C.00% 0.00% 0.00% 0.00%

BEYOND 0.00% Q.00% Q.00% Q.00% O, 00% 0.00%
NUMBER 5C 44 184 161 185 169
MIN 175 390 110 110 g0 &8
MEX 10300 13500 I3000 SCOA0 82800 BAF50
AVERAGE 1910 2684 4997 11391 11121 139530
STD. DEV. 2107 248867 5354 13542 156484 21947
MEDIAN 1000 1750 2500 5000 3000 4730

The number of measurements made in 1987 is less  than one third of the
number made in the following years. The conductivity values for 1787 were all
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for samples drawn from village wells, none from piezometers. For this reason,
the 1987 measurements will not be considered in the following discussion since
they are not considered representative of the conditions in the rest of the
delta (marginal geographic location on the OusllosDieri limits). From table
#8, we notice an increase in conductivity with time. No reasonable geological
or hydrogeological explanation can explain this increase in the electrical
conductivity as & function of time. It would seem, therefore, that the field
procedures and i1nstruments used are at the cause.

Two conductivity meters, of different types, were used:

¥ Yellow OSpripng Instruments, model 33, scale range from O to 50,000
HS/cm, used from November 1986 until mid April 1989,

¥ Schott Gerate, model CB857, scale range from O to 20,000 pS/cm, used
since April 1989.

The range of electrical conductivities in the delts is large. Values
are sometimes greater than 70,000 pS/cm, necessitating the dilution of samples
before measurement (probable source of error).

The depth at which the measurements are made is also important, as shown
by the measurements made by ORSTOM inside of several OMVS network piezometers
(shallow and deep). Figure 8 (deep piezomneter GACZ0OL) and figqure 9 {(shallow
piezometer GAC147) illustrate the increase in conductivity with increasing
depth.

ELECTRICAL CONDUCT IVITY - VvS — DEPTH
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Figure B Piezometer G(GAOZ201 - Electrical ConductiQity {pS/cm)
vs. depth (m)

The depths at which the measurements were made were not noted in the
field. As  i1llustrated in figure B, the error associated the depth of
measurement could be as much as 1004,
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Because of the uncertainty in the electrical conductivity measurements
for the delta, two statistical tests were made on the seasonal sample data:

1y the "Wilcoxon Rank-Sum test”u permits one to determine 1f the
seasonal samples (June B8, October 688, June BY and October 8%9) could
represent the same population (have the same meanl), with a 9354
confidence level. :

Z2)  the "Wilcoxonm Signed-Rark test”m permits one  to determine 1t twc
samples, which could represent the same population, have similar
distributions, with a 99% confidence level.

Samples which represent the same population, and which have the same
distribution, will contain the most significant electrical conductivity data
for the delta.

H.4.1 Wilcoxon Rank—5um Test

The seaspnal samples (June 88, Uctober 88, . June 87 and October B%) were
tested in order to determine if they represent an identical populsation. The
test which was used (Wilcoxon Rank-sum Test) is based on the following
equation:

2= (W=~ p/q.
where: %

W = after assignment of ascending ranks to all combined data (sample #1 plus
sample #2), the sum per sample of assigned ranks.

ol Anderson and other, 1984, p. 589.
8 pnderson and other, 1986, p. 597.
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The values of Z which result from the test are sbown in the table below.
Z values between ~1.946 and 1.96 indicate 957 confidence levels.

Table #%: Wilcoxon Rank—-Sum Test — Seasonal 7 wvalues

MONTH JUNE 88 OCT 88 JUNE 89 OCT_89
JUNE_B8 - -2.B7 -1.5%  -1.37
OcT_88 -2.87 - 1.02 0.79
JUNE_E9 -1.55 1.02 — 0.05
OCT B89 -1,37 0.7% 0.05 -~

The month of June 1988 does not satisfy the condition and, consequently,
is not representative of the same population as the ather seasonal samples
(October 88, June BY and October 89). The month of June B8 corresponds to the
establishment of the electrical conductivity field measurement procedures for
all the observation points (wells and piezometers).

6.4.2 Wilcoxon Signed-Rank Test

The second test was to determine if the seasonal samples (October 88,
June B7} have similar distributions.

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

sample October 1988 June 1989
1 - wells + piezometers wells + piezometers
2 piezometers only piezometers only

The difference between the electrical conductivity wvalues (pS/cm October
88 - pS5/cm June B89) from the same sites were tested with the Wilcoxon metbod.
At the F04 confidence level, the test results indicate that samples numbered 1
in the table above came from the same population and that samples numbered 2
came from thbe same populsation (aguifer).

6.4.3 Electrical conductivity — differentiation by compartment

The electrical conductivity data for the month of June 1787 were used to
illustrate the differences between the aguifer 's upper and lowsr compartments.
Table #10 1ndicales the distributions of electrical conductivity wvalues, by
category of 5000 uS/cm, for the upper and lower compartments.

The number of values for the upper compartment (144) is not the same as
in  table #8 (1B0} because some data were eliminated by the Wilcoxon
statistical test (section &6.4.2). The test paired the data by measurement
site for the tweo seascns (October 88 and June 89). Unpaired data (measurement
made at a site for only one of the seasons) were eliminated.

The two samples {aguifer upper anﬁ,]ower compartments for June 8%) were
tested with the Wilcoxon Rank-sum  ftest’ to see 1t they could represent the
same population {have the same mean).

¥ onderson, 1986, p. 592.
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Table #i10: June B9 — Distribution of electrical conductivity values in  the
aquifer 's upper and lower compartments
CONDUCTIVITY CATEGORY UPPER t OWER

] to S000 45,897 59.49%

SO00 to 10000 14.38% 13.972%
10000 to 15000 13.70% 11.39%
15000 to 20000 10.274 3.80%
20000 to 29000 0.68% 0. 00%
22000 to J0000 0.&87% 0.00%
30000 to 35000 O.00% 0.00%
I9000 to 40000 2.05% 2.53%

ilg g oo to {5000 3.42% 0. Q0%
435000 to 50000 Z2.78% 2.53%
850000 to 35000 1.37% 2.534
55000 to &0000 0.68% Z2.33%
&0000 to 65000 2.05% 0.00%
&5000 to 70000 O.68% 0.00%
70000 to 75000 0.00% Q.00%

7 5000 to 80000 Q.68% Q.00%
80000 to B5000 0.&8% 1.27%4
85000 to FOO00 0.00% 0.00%
OO0 to FI0O00C Q. 00% 0.00%
FHOO0 to 100000 O0.00% Q.00%
BEYOND 0.00% Q.00%

The essential statistice concerning the electrical conductivaity values
for the aguifer’'s upper and lower compartments are:

STATISTICS upper lower
NUMBER 144 79
MIN. 165 85
MAX . 82800 81180
AVERAGE 13134 7881
STD. DEV. 17594 16332
MEDIAN 59950 2700

The Wilcoxon {Rank—S5um) test indicates that the value of 7 is 3.97.

We can conclude, therefore, with a 994 confidence level, that the two
samples do not represent the same population because the Z value (3.92) 1s not
between ~-1.%946 and +1.96. The water in the aguifer s upper compartment 1s more
conductive {salime)} than that in the lower compartment (concentration of salts
by soil leaching, evaporation and evapotranspiration}.

&.4.4 Cartographic treatment of the electrical conductivity data

On the following page, the reader will find map #2& "Electricel
conductivity — Jume 89 (pS/cm) - piezomelers only — agquifer upper compartment
(co_820&t:)", which indicates egual value contours for 1000 and 10000 uS/cm of
electrical conductivity, representative of the aguifer ' s upper compartment.

Only measurements from piezometers were used to make the map because the
wells cites are preferentially selected by the villegers for fresh water
production (not randomly selected). Conseguently, a representation of the
actual distribution of electrical conductivity of the groundwater in  the
aguifer s upper compartment is best given by wvalues of electrical conductivity
from piezometers.
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This map indicates zones of low electrical conductivity along a North-
South axis passing through Lac de Guilers and the town of Rosso as well as near
the northern and southern Ouallo/Dieri limits. These low conductivity zones
surround a zone of high electrical conductivity in  the central part of the
delta. Discussion of seasonal or spatial wvariations in electrical
conductivity is not considered wortfwhile 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 mathbematical relationships50 between the electrical
conductivity and T.D.S. (total dissclved solids) wvalues. Use of these
equations with the electrical conductivity values for the month of October 88
permitted the development of map #27 "TDS (calculated) - Total Dissolwved
Solids {mg/l) - October 88 (based on electrical conductivity) (tds_8810)".
This map can be compared to map #15 ~ TDS for the period 1987-1%88, which was
developed from laboratory analysis results,

Table #11: Electrical conductivity/mineral content relationships

CONDUCTIVITY (pS/cm) X CONSTANT = MINERAL CONTENT {(mg/1)

pS/em
CONDUCT . <50 X 1.346%079 = MINERAL CONTENT {(mg/1)
S0< CONDUCT. <166 X 0.247608 = MINERAL CONTENT (mg/1)
166< CONDUCT. <333 X 0.769574 = MINERAL CONTENT (mg/1)
I33< CONDLCT . <833 X 0.715920 = MINERAL CONTENT (mg/1)
B833< CONDUCT. <10000 X 0.758544 = MINERAL CONTENT {mg/1)
10000< CONDUCT . X 0.850432 = MINERAL CONTENT (mg/1)

The two data sets (TDS—laboratory and TDS—calculated with table #11
equations for October 88) were liltested to see if they represent the same
population Wilcoxon Rank-sum Test™ (see section &6.4.2).

The essential statistics concerning the laboratory and calculated TDS
values sre:

STATISTICE TDS_LABO TDS_CALC
NUMBER 74 192
MIN 195 104
MAX 50450 42522
AVERAGE 14176 10511
STD. DEWV. 15135 11431
MEDIAN 7980 0310

The 7 value calculated with the Wilcoxon test is 1.81.

We may conclude, with a 954 confidence lewvel, that the two samples
represent  the same population. Therefore, the electrical conductivity field
measuremsnts may validly be used to develop & map of Total Dissolved Solide
(mg/l}, based on the mathematical relationships shown  in table #11, (see map
#27 on the next page).

Map #27 corroborates map #10 (TDS) which was developed from laboratory
results. [t indicates the existence of fresh water zones (TDS values of 1000
mg/1} on the north and south borders of the delta, a brackish water zone (1000
mgs/l < 10,000 mg/l) between the Dieri and the central part of the delta, and a
saline water zone (TDS > 10,000 mg/l) in  the central part of delta which
coincides with the river channel during the Inchirrian epoch (see annex #3,
Inchirriam sediments, structure contour map of the upper surfacel.

% Rodier, p.6D.

£
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7 EVALUATION OF RECHARGES AND LOSSES (for year of 1988)

This chapter deals with groundwater recharge ﬁmwiflmw within the limits
of the delta. Two schemes were proposed by Filippi®t. These are:

¥ vertical water movements: rainfall infiltration (inflow) and
evaporation (outflow) within the confines of the delta,

% horizontal water movements: infiltration through the banks of
watercourses and canals.

The flatness of the land and the constantly negative potentiometric
surfaces (™0.7 m ASL in June 83, and ™~-0.2 m ASL in October B8}, except along
watercourses and inside irrigeted perimeters (“0.Z m ASL in June B8 and ™~+0.4
m ASL in October B8) are not conducive to horizontal percolation of
groundwater (see section 6.2 of this report).

Filippi identified the infiltration and exfiltration mechanisms from
piezometric observations made by Audibert in 1949 (6 month flood period) in
the vicinity of Roncg and Diaouar on the left bank. Then, with the BRGM model
(VID1), modified to incorporate an evaporation function, he reconstructed the
1969 piezometric profiles in order to determine the river-water table
relationship. He used the fDllDwiqg hydraulic parameters in his calculatipns:
hydraulic conductivity, K=2.0 % 10" m/s and storage coefficient, S=4 % 10°*,

The project considers these &alues to be too high. _[he values proposed
byqthe project are: Kp = 4.4 % 10" cm/sec +/— = ¥ 10 cm/sec and S=4 %
107 The values used with the BRGM model, greater than ours, led to an
overestimation of the distance to which the river influences the water table,
and gave credibility to the safety factor used by Filippi (f=2).

The BROM model, proposed by VYandenbeusch, was not available to the
project, thus an evaluation of the pbenomena could not be made in  the same
way . n the other hand, the monitoring of 7 transverse piezometer lines
(annex #8, figures 1 to &), situated on both banks of the river, during 1988
and 19879, permitted direct observation of pilezometric profile fluctuations
between the river and the large irrigeted perimeters (annex #8, figure 5 and
annex #9, figures 7 and 4).

The following chapter sections present a theoretical discussion of  the
current phenomena, allowing one  to evaluate the relative importance of each
phenomenon (infiltration, evaporation} individually (not inter—related).

7.1 Inflow from rainfall and irrigation

A epstimation of the total annual  inflow to  the aguifer from water
infiltration {(rainfall and irrigstion) was attempted for the deltas for the
vear 1988 by examination of the maps "Water table varistions between June and
October 88" (see maps #2272, #23).

Here are a few useful reminders pertaining to reference year 19875:

1) for the reference year, the cultivated land area (SC) was 102.7 kmt .

2 Filippi, 1584, chap. 2.2, p. &.
3 From the OMVYS/CEPC data base.
H Ref.: PES, 1989, p. 23 and 25, delta region.
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2) the rate of increasexiof the net irrigable area (SNI) was about 74 for the
right and left banks of the Semegal River, for the period 1975 - 1997. This
rate is applied to the cultivated land area (SC) of 19987 in order to estimate
the corresponding area for the year 1988.

3) the theoretical water reguirements for rice production {(global water needs)
per unit land area, for the different agricultural seasons, and for various
501l types™ are summarized in table #12:

Table #12: Global water requirements (rice production)

CROPPING CYCLE GLOBAL. WATER REQUIREMENTS M3/HA

SEASON  DAYS (1) (2) (3)

HIV 95 g,400 11,200 13,400

CSsC 120 13,500 18,100 21,800

CsF 155 13,900 19,000 23,200
LEGEND
CODE  SOILS TYPICAL GRANULOMETRY
(1)  HOLLALDE S5 % < % CLAY
(2}  FAUX HOLLALDE 30 % < % CLAY < 55 %
(3) FONDE % CLAY < 30Y%

The table above describes the global water reguirements for rice (net
requirements + losses). "The net water reguirements of crops grown according
to the production calendar depend only on the wvariety planted {development
stage, anatomy, physiclogy, color, expected production) and the climate
{(humidity, temperature, wind, sunshine...). The qlobal water reguirements
{(net requirements + loseses) depend, as well, on the irrigation system
(gravity, pressurized, sprinkler, drip, ...} and soil type (%4 clay,
impermeable laﬁsr) which affect water losses (percolation, evaporation,
diffusion...).”

4) the agstribution of cultivated soils for the entire Senegal River valley,
per bank™ is as follows:

¥ for the left bank,
¥ 59 ¥4 soils HOLLALDE
¥ 24 Y spils FAUX HOLLALDE
¥ 17 7 soils FONDE

¥ for the right bank,
¥ 53 7 =soils HOELALDE
¥ 21 ¥ soils FAUX HOLLALDE
¥ 26 Y soils FONDE

This distribution is considered representative of tre delta.

¥ Ref.: PES, 1989, p. ii.
% Dachraocui, page 17.

% Dachraoui, p. 17.

% Ref.; PES, 1989, p.38.
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5} for thgs distribution of soils (estimation for 1997}, the estimated volume
of water' necessary for irrigated rice production in the delta during the
rainy season (assuming at 1007 of the cultivated land area is in rice

production) is 9.77E4+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.

An evaluation of the volume of water infiltrating the aguifer (Vr =
effective aguifer recharge) is estimated with the following formula:

Vr= A X Dh.” ¥ 5

where:

a = surface area concerned by the evaluation (kn@)

Dhnx = maximum water table rise (m), deduced from the maps of water table
and potentiometric surface variations, June-0Oct 88 - (inside and
outside the perimeters)

=] = poefficient of storage (dimensionless)

This formula can be applied to unconfined aquifer zones (water tables)
(Vu) and confined agquifer zones (Vre inside and outside the irrigated
pepimeters.

The percentages of the delta land area corresponding to confined aguifer
zones (A} and to unconfined squifer zones (Qﬁ vary with the seasons and are
listed ih section 6.3 of this report.

The values of the coefficient of storage, 5§, are: 4%10-4 for confined
aquifer zomes (see section 5.1.2) and 0.15 for uwnconfined aquifer zones
{corresponding to average theoretical values (5) for fine—grained sands and
silts) (see section 5.1.2).

Table #13: Estimation of surfare infiltration in irrigated zones (ip)

total area (SB) 4343.9  kn?

cultivated area (SC) 102.7 knf = 1987

cultivated area (8C) 109.9 kmé = 1988

water table area (ﬁl) 45.00%4 of dry seasod area {SB)

confined aguifer area (QC) 595.00% of dry season area (5B)

The area of the delta having a shaellow agquifer subject to rainfall
infiltration is 3863 km*. This corresponds to:

f—‘ar = SB - (F‘E—Hm—%iv —5C)

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

& See section 6.3 of this report. For the calculations, we consider that
the area percentages Al and Ac are the same imside and outside the perimeters.



where:
Total area (SB) = 434B.8B kmi
Cultivated area (sC) = 109.9 kml
aread Lac de Guiers (ALY = 275 ket (if Z = 1.80 m ASL)
Areat? Senegal River (A ) = 51 kaf
Area watercourses g:“ = 30 knt = approximation
DELTA REGION Dh § V. /Y 1.
(I.a’x r_ip r& t:p r‘llf!jr
ZONES 1988 (atDh,, 15}
WATER TABLE W p) 0.70 1.50E-01 5,19E+06 1,981
CONFINED AGUIFER “"rci’ 0.47 A.00E-04 1,14E404  0.01%
TOTAL v, N& NA  5.20E+406  3.97% ¢.50

Table #14: Estimation of shallow infiltration im non—irrigated zones (op)

DELTA REGION ‘”h s v W _gafwt T 0
%) ' L < 778
IDNES 1988 [KﬂDh.ax 15)
NATER TABLE Wru UP] ¢.47 1.50E-01 1.20E+08  13.14X
CONFINED ABUIFER (Vrc' 0. 34 4,00E-04 2,82E+05  0.03X%
TOTAL Wr u::f NA  1.20E+08 13.17% 0.93
The columns marked (V %/(V in table #13 and (v, )/’(V in table
#14 indicate the percentagé’ Dlumé 1nf11trated water Wlth Jegardpgo the total
volume (V } avalilable for the case cmsldered. irrigated zones (\ p_ 1.31E408
m° I'!C_l"’r"ll"r"lgatE'Cl ( \/1': p= 1.02E+09 m ).
Thus:

¥ in irrigated =zones (water table), 3.%96% of the total volume (raimfall

+ irrigstion) Joined the water table by wvertical infiltration. This
represents 47.2 mm of the 1193 mn available. If we assume an
agricultural cycle of 99 days, the rate of vertical infiltration (Tr iF')

would be C.5 mm/day.

¥ in non—-irrigated zones (water table), 13.14% pof the total volume

(rainfall) jJjoined 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 &0 days,

the rate of vertical infiltration (Tr op) would be 0.53 mm/day.

¥ 1in irrigated and non—irrigated zones (confiped agquifer), less than

0.037. of the total available volume joined the aquifer.

! 5ee section 2.1 of this report.

82 gee annex #1, of this report (length X average width).




51

These numbers reveal the aquifer’'s capacity to store a real volume of
water.

In a water table =zone (unconfined aquifer) the unsaturated wolume,
corresponding to the effective porosity, is capable of storing available
water. Access to this storage zone 1is controlled by the wvertical 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 lost through evaporation.

In a confiped aquifer zone, the aquifer does not effectively store more
water but rather the hydrostatic pressure inside of it imcreases 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 1988-198%9 was
investigated through & piezometer lines, transverse to the banks of the
Senegal River, ort both the right and left banks., These lines are coded L1 to
L7 (see map #4 localizing the OMYS network points, section 3.5).

These limes are described in term of MTU-X and MTU-Y coordinates in
annex #8. The corresponding geological sections are in annex #4B.

The spacing between plezometers along these lines is short (metric) and
the maximum perpendicular distance of hydrogeclogical abservation from the
barks of the Senegal River is less than S kilometers and generally less than 3
kilometers, iL.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 agquifer’'s upper
compartment.

The seasonal piezometric profiles are included in annex #8, figures 1 to
7). The profiles indicated in these graphics were calculated by the computer
following geostatistical treatment (Kriging) of the field measurements. The
number of observation points located on or near the piezometer lines 1is
indicated in table #15. This table also presents information abcout the
hydraulic conductivity at each of these observation points, their position
(km) along the X axis and tteir intake depths. These graphics result from the
combined use of Surfer and Grapher software.

The ordinates of the graphs 1in annex 10 correspond to hydrauwlic head.
The abscissas correspond to distance from the river and the O (zero) value
coincides with the hydraulic bead measured in the center of the Senegal river
bed for the season concerred. The ground surface topographic profiles (from
the topographic maps 1in section 2.2) are superimposed on the piezometric
praofiles.

All these profiles (piezometric and topographic) reflect the
geostatistical reality without being completely exact.

Table #15 lists the piezometers related to each piezometer profile (L1
to L7) as well as their respective distances from the center of the Senegal
River,

e




Table #15: List of piezometers by piezometer line (L1 A L7)

LINE PIEZO MTU-X MTU-Y ELEV DIST INTAKE KK
# ] m ASL KM DEPTH Cm/sec
L1 BGACOZ21 I51.7 1792.9 3.70 0.10 13.00 >1.0e-3

L1 GROOZZ 331.7 1792.8 3,01 0.13 19.00 >1.0E-3
L1 GACOZ3I 351.7 1792.8 3.05 0.13 13.00 1.1E-3
L1 GAROOZ2D5 351.3 1792.0 3.93 0.BC 21.00 &.05E-4
Ll GAODZe 351.3 1792.C 3.91 0.80 14.00 3.1E-4
Ll GARoOZY 331.6 1791.4 4,22 1.50 14.00 MN/T
L1 BAOOZB 3581.7 1790.9 4.83 2,00 17.00 N/ T
L2 DAO1S 348.8 1796.5 1.77 2.80 5.00 >1.0e-3
L2 Dadis 349.0  1796.4 1.63 2.70  6.00 >1.0E-3
L2 DAO17 39.2 1796.3 1.63 2,60 6.00 >1.0E-3
LZ DAOLB 3492.5 1796.2 1.60 2.50 4.00 21.0e-3
L3 DRO19 350.1 1802.1 3.02 3.0 7.02 3.1E-4
L3 DROZ0 350.3 180Z.1 2.60 3.30 6.8B65 >1.0E-3
L3 DwOZ1 330.5 1802.0 1.51 3.10 7.00 1.1E-3
L3 DAo2?7 In0c.8 180Z2.0 1.45 2.80 5.50 1.0E3
L4 GAROO1Z  357.9 1803.0 1.38 0.23 59.15 2.1E-5
L4 GAOO14  358.1 1803.0 1.39 0.28 4.86 7.BE-D
L4 GAOO1S 358.3 1803.1 1,53 0.30 5.05 7.8E-5
L4 06AOO17 357.5 1BOA.1 1.41 0.82 4.99 2.%t-4
L4 (GAOOIB  358.8 1B803.2 1.33 1.25 5.00 >1.0E-3
LS GACO34 366.3 1B26.3 0.92 1.20 2.95 1.BE-4
LS BAOD37 6.2 1B26.8 2.11 0.43 7.95 >1.0E-3
L3S GAROO3?  366.0 1825.7 0.92 0.46 10.46 3.4E-5
L7 DAOS? 400.6 1825.5 3.15 ©.40 5.00 >1.0E~-3
L7  DARO&O 400.4 1825.9 3.33 1.10 5.00 >1.0-3
L7 DAdsl 400.7 1825.3 2.28 0.20 5.00 >1.06-3

Table #16 lists for each of the lines (L1 to L7), by season, the type of
aguifer in which the flucrtuations were ocbeerved, the thickness of the clay
layer covering the aquifer (if there is one), the water level of the river,
the distance to which the watercourse was observed to influence the adjacent
aguifer, and the granulometric description of the formation tapped (dominant
clas=s only).

The distance from the banks of the river to which the river’'s water
level has an influence, as observed in the field, corresponds to the distance
at which the hydraulic gradient Dh(June) is about equal to Dh{Dctaber) or elee
the distance at which Va (June) iz about egqual to ¥, ({October}.



Table #16; Transverse piezometer lines

$ TYPE B ASL /i ke WATER ELEVATION CODE CLRY
LINE BANK SEASON AQUIFER  RIVER I hor INFLUENCE  DRY  RAINY AGUIFER GEOL BRANULOMETRY THECK(M)
Ll LB 0&/BB UNCONFINED 0.39 1.68 2.3 ~2.6 =2.4 LOWER 1IN FINE SAND 0
LI LB 10s88 UNCONFINED 0.7 1.96 2.3 ~2.4 -2.4 LOWER IN FINE SAND 0
LI LB 0b/89 UNCONFINED 0.30 2.10 2,0 =24 -2.4 LOWER IH FINE BAND 0
L1 LB 10/BY UNCONFIRED 1,92 2,20 2.0 =28 -2,4 LONER IN FINE SAND 0
L2 RB  06/88 CONFINED 0,39 0.03 1.9 =02 0.2 UPPER NX FINE SAND 2
L2 RB 1076808 CONFINED ¢.97 0.33 2.0 =0.2 0.2 UPPER NK FINE SAND 2
L2 RB 04789 CONFINED 0.30 0,20 2.4 -0.2 0.2 UPPER NK FINE SAND 2
L2 RB 10/8% CONFINED 1.92 f.00 2.0 =0.2 0.2 UPPER NK FINE SAND 2
L3 RB 06/B8 UNCONFINED 0,39 0.19 3.2 -0.2 0.2 UPPER NK MEDIUM SAND 0
L3 RB  10/88 UNCONFINED 0.97 0,37 2.7 -0.2 0.2 UPPER NK HMEDIUM SAND 0
LY RB  04/B7 UNCONFINED 0.30 0.20 3.4 -0.2 0.2 UPPER KK NEDIUM BAND 0
L3 RE  10/89 UNCONFINED 3.92 110 2,0 0.2 0.2 UPPER NK NEDIUM SAND 0
L4 LB 04/88 CONFINED 0,19 0.00 0 NA NA UPPER KK FINE SAND z
L4 LB 10/88 CONFINED 0.97 NOT MEASURED; FLOODED UPPER NK FINE SAND Z
L4 LB 06/8B9 CONFINED 0.30 .00 0 NA NA UPPER NX FINE BAND Z
L4 LB 10/89 CONFINED 1.92 NOT MEASURED; FLOODED UPPER KK FINC SAND .
L5 LB 06/B8 CONFINED 0.39 0.40 Lo =0.2 0.1 UPPER NK FINE SAND 2
L5 L8 10/86 CONFINED 0.%7 0.80 1.0 -¢.2 0.3 UPPER NK FINE SAND 2
Lo LB 06789 CONFINED 0.30 0,30 1.0 =0.2 0.3 UPPER NK FINE SAND Z
L3 LB 10/89 CONFINED 1.92 170 1.0 =0.2 0.3 UPPER NK FINE SAND 2
L7 RE 0&/BB UNCONFINED 0,39 0.00 1.} 0.3 0.3 UPPER MK MEDIUN SAND 0
L7 RB  10/88 UNCONFINED 1.80 1.45 1.1 0.3 0.3 UPPER NX MEDIUM SAND ¢
L7 RB  0&/BY UNCONFINED 0.30 0.00 1.1 0.3 0,3 UPPER NK MEDILN SAND 0
L7 RB  10/B9 UNCONFINED 1.92 174 1.1 0.3 0.3 UPPER NK MNEDIUM SAND 0

From this tabhle, we may conclude that:

1} regardless of season, during the period of observation 1988-198%9, the
horizontal thydraulic gradient was always positive, i.e., oriented from
the river towards the adjacent aguifer. Within the confines of the
delta, as seen from piezometer installations L1 through L7, the aguifer
does not contribute to the river flow.

2) the distances (perpendicular to the river bed) to which the river
influences any piezometer 1line, are constant, regardless of season.

3) depending on the pierometer line, these influence distances vary from
1 to 2.5 kilometers, except for limes L2 and L3 for which a ponding zone
{about 2 kilometers) separates the river from the piezometers.

3y the horizontal hydrsulic gradients in the zones influenced by the
river vary from O to 2.20 m/km.
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7.2.1 Horizontal interstitial flow velocity

The sediments tapped by the OMVS piezometer network have low values of
hydraulic conductivity The horizontal flow velocities were calculated with

the following formulas™:

Vp T a/n

where:
average interstitial flow velocity (m/year)

¥ —
qn = specific discharge or Darcy velocity (m/year)
n = effective porosity, or specific yield in unconfined aquifers,

{dimensionless)

| o=—KXDh
where:
K = hydraulic conductivity (cm/sec)
Dh = hydraulic gradient (dimensionless)

The range of possible values of K and DhY in the limits of the delta
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 null, thus the horizontal flow
velocities can be considered null.

K values units Bh values m/km
K min 1.00E-05 cm/sec Dh05 0.5 m/km
“ﬁa_ Ku) 4, 00605 cm/sec Dh 0 1.0 m/km
K 4.40E-04 cm/sec  DH 1.5 m/km
{.@ + 1) 8.40E—04 cm/sec Dhy'g 2.0 m/km
Kmdx 1.00E-O3 cm/sec I]lh'z,.5 2.5 m/km

Tables #17 through #1797 show the vy {m/year) wvalues calculated Tfor
various porgsities:

Table #17: average interstitial flow velocity Vi {m/year), if n = 0.08 (silt)

parameters K min (Kﬂ - I;) KH (!*’lj + Ku) Kmax

Dr't»,5 0.02 ©.08 Q.87 1.64 1.97
Dhl'{J 0.04 0.16 1.73 3.31 3.94
Dhl'5 0.06 .24 2.60 q4.97 5.71
th'o 0.049 0,32 .47 &.67 7.88
Dr?:.‘) Q.10 0.39 4,34 8.28 ?.86

8 Ret.: Todd, 19680, p. &7.

# See section 5.1.1 of this report.
63 See annex 8, piezometric profiles coded L1 to L7.
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Table #18: average interstitial flow velocity Va {(m/year), if n = 0.15 (sand
and silt)

parameters K min (KD - Ku) I% (Kp + Kn) Kmax

Dr” 0.01 Q.04 0.4& .88 1.05
Dt-i'o Q.02 0.08 0.93 1.77 2.10
Dh1'5 Q.03 0.13 1.39 2.65 Z.15
Drb'o 0.04 .17 1.85 3.903 4,20
DI}ZS 0.05 0.21 2,31 4,47 5.26

Table #19: average interstitial flow wvelocity Vi (m/year), if n = 0,23 (fine
grained sand)

parameters K min (I<"| - K') Iﬂl (Kp + K') Kmax
Dr'hs 0.01 0.03 Q.30 .58 0.6%9
I]ll'\l'0 .01 0.05 Q.60 1.15 1.37
Dhl's 0.02 0.08 0.5%0 1.73 2.06
Dh‘.!'o 0.03 0.11 1.21 2.30 2.74
th's 0.03 .14 1.3 Z.868 .43

We see from thece tables that as the porosity decreases the horizontal
flow velocity increases.

The limiting wvalues for hydraulic gradient Dh 0 (corresponding to the
flood periocd or the water level maintained by Diama Dam upon completion of the
right bank dike) and for a porosity of 0.15 {value used by the project) are:

vy (Kmin, Dh?@' n=0.13) = 0.04 m/an

n

v (Kmax, Dh 2.0 n=0.13) 4,20 m/an

7.2.2 Influence distances and wvolumes of water infiltrating through the
riverbanks

The water level fluctuations of the Senegal River and its branches cause
piezometric surface fluctuations in the adjacent agquifer.

Todd (1980 proposes the fallowing 1‘¢:n'mulau;.“"é to evaluate: the
relationship (h/h,) at some distance of influence from the bank, the lag time
(t, ) between atta_olnment of the maximum sur-face water level and the effect on
t piezometric surface at some distance from the bark, and the volumes
infiltrating per meter of stream bank (V,])-

h/hy= e -n{RES/L0AT %
b= kit XS/ T

Vo= e(2Re, *SkT /i

These equations are based on theory but they permit a good approximation
of the phenomena.

The various parameters are illustrated in the following sketch.

8 Todd, 1980, p. 242 - 247.
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Fram the sketch and the equations above:

X = orthogonal distance from the bank of the watercourse (m)

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

tO = periqd of oscillation of the surface water {days)

= = coefficient of storage (dimensionless)

T = coefficient of transmissivity (n@/sec)

E = aguifer thickness (m)}

tL = lag time (days)

The hydraulic parameter values used in the calculations (section 5.1.1
and 3.1.2 of this report) are:

8mb
4 .00E-04 cm/sec (slug test)
4.00E-04 (hypotbetical for confined aguifer)
3.20605 m* /sec

Awxm
e nn

These parameters are the constants in the Todd egquations.

The wvariables in the Todd eguations are escsentially the parameters X and
tO' The results of the calculations are shown in the double—entry tables #20
to H23.

& See map #7 - structure contour map of the aguifer’'s upper compartment.



Table #20: Values of h/rh - vs, — oscillation period

h/hy= e -x(ef5/L0ITYY

If tﬁ = 27 days
X {m)

10
100
1000
2000
3000
2000
10000

Table #21: Lag-time (tL = days! — vs.

If t

X (n%

3000
S0
10000

Table #722: Volumes of water

infiltrating per meter stream bank (Vh

B8&.01%
22.15%
0. 00%
0.00%
0.00%
0.00%
Q.00%

IO days
VALLES

G&.18%
&7.76%,
2.04%,
0.04%
0. 00%
0.00%
Q.00%

120 days
of h/ho

98.07%
82.31%
14.28%
2.04%
0.29%
0.01%
0.00%

- ogscillation period

£ = xk (S akmaT b

2 days

30 days

VALLES of t

0.1%
1.%
18.58
37.17
85.75
Q2.92
185.85

Vo= h uz(2>i<td|csaﬂm)it

120 days
(days)

0.37
3.72
37.17
74.34
111.51
185.85
I71.69

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

stream bank length (2L ):

I

s
b

tG = 2 days

? days 30 days ‘120 days
VOLILME INFILTRATING (nt/m)
0.02 0.07 0.15
0.04 0.15 0.29
0.06 0.22 0.44
Q.08 0.2%9 0.58
0,09 0.346 0.73
river length (L) : 115 km
230 km
V= b2k, kSKT/mba
30 days 120 dgys
VOLUME INFILTRATING {m)
4,326+03 1.476+04 3.34E+04
8.83E+03 3. 34E+04 6. 6FE+04
1.29E+04 5.01E+04 1.00E405
1.73E+04 & 6FE+04 1.34E+05
2.16E404 B.36E+04 1.467E+05

nﬁ/m)
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Though these equations are here shown for the case of a confined
aquifer, they may also be applied to an unconfined aquifer if the amplitude of
the water table fluctuation i= small compared with the aguifer thickness.

The interpretation of the results shown in tables #20 and #21 applies to
the case of = 120 days which corresponds well to the oscillation period
observed in 1 {(seec figure 1).

Jable #20 indicates that for any amplitude of surface water fluctuation,
the wvaristion in the piezometric surface will not be greater than 14.28% at a
distance of i1 km from the bank, and not more than Z.04% at 2 km. These
calculated values are coberent with the influence distances observed in the
field from the piezometers lines (see annex #8, fig. L1 to L7, and section
7.2, table #1&)}.

The lag times between when the maximum surface water level is reached
and when the maximum piezometric variation is noted are 37 days at 1 km and 74
days at 2 km.

For the same oscillation iod (120 days), the vojumes of infiltrating
water (V =n1{m) vary from 0.15 sm (h #0.3m) to 0.73 m’/m (h=2.5m}. These
values ot hH, correspond to the range Of water levels at whicth the Senegal
River might ge maintained.

These specific volumes of water (0.15 m,/m ang 0.73 E;m) coh(espond
respectively to total infiltrating volumes of 3&,400 m” and 167,000 it along
both banks of the river (maximum width of infiltration corridor is 2 km along
each bank). T & volumes are negligible and the land ares in the influence
zone is 330 km* |, that is, 7.959%4 of the total delta surface area.

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

1) the hydrogeological conditions to which these formulas are here
applied do not correspond exactly to the theoretical conditions for
which the eguations were developed. For example, the piezometric
surface 1is not flat as the theory assumes nor are the surface water
level fluctuations exactly sinusoidal.

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

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

INFLOWS M /an % Total

RAINFALL + IRRIGATION SZ.00E+(5 4,154
IRRIGATED Z0NES

RAINFALL 1200 . 00E+05 995.72%
NON-TRRIGATED ZONES

STREAM BANK INFILTRATION 1.&7E+05 0.13%

TOTA 1253.67E+05 100, 00%

These numbers indicate the preponderance of the vertical inflows to the
horizontal inflows in the hydraulic exchanges. Infiltration through the
stream banks 1s insignificant in comparison to infiltration of rainfall. It
is i1mportant to note that in irrigated zones the infiltration of irrigation
water represents 507 of the total calculated infiltration volume. The

effectiveness of this spurce is related to time of application of irrigation

water Th=  dirnrre==¢ f agoricnlbo-e2’ gesasane ner year 711 covbrihenite
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Table #25: List of piezometers by piezometric line (LB to L12)

LINE  PIEZD MiIU X MTU-Y ELEV. DIST. INTA-E k¥
# # M (ASL) KM DEPTH(M} CM/SEC
L8  DAO3Y 406.2 1827.2 2.28 1.10 12.00 >1.0E-3
LB DA04o 407.5 1827.3 2.82 1.40 3.08 NI
L8 DAO43 408.5 1827.1 Z2.63 1.70 5.00 2.7E-4
L8 DARO44 408.7 18286.2 1.6 2.80 11.00 2.26-4
LE DAO4S 408.8 1826.2 2.50 1,20 7.00 >1.0E-3
L8 DAd4s 409.7 1827.1 2.77 2.40 7.00 >1.0e-3
LY Dada7/ 409.6 1825.4 3.04 1.20 7.00 4.4E-4
L2 DACAY 410.8 18B26.2 1.78 1.30 0,00 >1.06E-3
LY DAOSO 411.4 1825.2 2.64 0,20 4&.00 »1.06-3
LY DAOSH 411.5 1827.8 1.96 2.80 10.99 N/ T
L10 (GA0051 3B88.6& 1B8B16.35 1.36 5.00 5.20 N/T
L10 OGA0O052Z 384.8 1815.8 1.60 6.00 4.85 4.1E-4
L10 GAOOS3 385.7 1816.5 1.32 5.90 5.10 1.3E-4
L1O GAOOSH JB4a.3 181&.7 1.40 5.5 4.95 >1,06E-3
L1O ¥ 3B82.9 1Blse.4 1.63 6.50 5.10 8.&E-4
L10 BGAOCKE 34d1.5 1816.0 1.74 B.OO 9.10 &6.3E-5
LiO (BACOSEE 380.8 1816.6 1.83 7.80 2.07 1.8E-4
L10 GAOOSS I78.9 1816.8 1.29 2.00 9.06 4.26-5
L10 GAOOLT 378.7 18B15.4 1.08 0,38 4.85 N/I
L1l 6GAOO47 388.0 1820.8 2.13 1.18 9.05 2.26-4
LL11  GACC4B 3B\8.0 1820.8 2,11 1.1%9 4.85 2.3-4
L1l 6GA004Y 388.0 1820.8 2.04 1.1i7 5.10 &.&6E-4
L11 GAOOSO 3388.8 1818.8 1.31 2.BO 5.10 1.&4E-5
L1l GAO0OSL B8.6 181&.5 1.3 5.00 5.20 N/T
L1l 6GAOOS? 384.8 1815.B 1.60 &6.00 4,85 4.1E-4
L1l GAOOS3 385.7 1816.5 1.32 5.50 5.10 1.3E-4
Li1 GAOO5S 3B6.0 1817.7 1.90 4.00 9.25 4.1E-S
L1l GACOSY 3B3.5 1818.6 1.34 3.30 9.00 N/T
Lil GAROOSR 3B4.35 1816.9 1.40 5.50 4.95 >1.0E-3F
L1 G(GA0OST 3BS6H,.7 1B19.5 2,00 2Z2.00 5.08 1.2E-3
L1Z BAC100 3Hi.3 1803.9 0.57 1.5C 7.5 1.8e-4
L1Z2 GAOICY 3B2.9 1803.4 1.71 2.50 650 2.%-5
L1Z 0GAO104 3B4.1 1B02.0 1.91 4,00 10.00 1.1E-4
L1Z B(AD10S 3B83.7 1802.7 1.66 3.950 S.10 5.86E-5
L12 GAD106 384.4 1BO3.B 1.B0 4.20 &£.93 1.0e-5
L1Z GA0LOB 385.5 1802.4 1.89 5.560 &£.90 Z.84E-5
Semi-permeasble, 1nter laminate layer #z (clay andi/c- =111 1= situsied

between the two compartments. Thig layer is comtinuoss 1 the central part of
t % delts {(see map #B) and has a vertical hydraulic conduactivity KV 0f about
107" m/set (see section 5.2.1 of thic report).
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By applying the general formula:

q = KV ¥ iv* A

where:

@ = annual discharge per sguatre meter (nﬁ/year/n%

Kv = vertical hydraulic conductivity (m/sec) ﬁ = 104 m/sec
iv = vertical hydraulic gradient (m/m or dimensionless)

A = unit surface area of one sguare meter U# )

and using the maximum and minimum values of vertical hydraulic gradient, we
obtain the maximum and minimum annual discharges per square meter

i‘r Q, Remarks
r# fan
—-0.04 -0.0010 Inflow to the upper compartment
0.02 +0, 0005 Loss from the upper compartment

These values are wvery low and reflect the impermeability of semi-—
permeable layer #2. The aguifer ' s upper compsartment 1= locally recharged at
the rate of 1 liter/year per square meter and locally discharged at  the rate
of 0.5 liter/year per square meter, depending on  the ambient values of the
vertical hydraulic gradient (positive in irrigated zones and negative in non—
irrigated zones).

In conclusion, we note that the hydraulic pressure difference between
the upper and lower compartments is sometimes positive and sometimes negative.

Within the areas influenced by the irrigation zones, the hydraulic
pressure in  the upper compartment 1s greaster that of the lower compartment.
This underlines the impact of irrigation water infiltration on  the
potentiometric surface and the agquifer's tendency to re—establish the
hydrostatic eguilibrium.

Outside of these zones thE.DDpDSitE situation prevails. This underlines
the importance of evaporation in the areas where this phenomenon is not short-
circulted by irrigation.

The areas of seasonal pos:tive verticel hydraclic gradiernt tend o

increase from one year to the next (1987 - 198%9). There 1s alsc a privileged
axlis oriented NE-SW, passing through the  town of Rosswe, and bordering the
Lampsar valley. This axis corresponds to the highest density of irrigated

perimeters (Lampsar, Grande Digue Tellel Kasssk, M Ppurie and a multitude of
small i1rrigsted perimeters (PIV)).

Semi—-permeable layer #Z 1= practically totally impermsable.
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8 CONCLUSIONS
8.1 Aquifer characteristics
8.1.1 Aguifer definition

The Senegal River delta, a distinct region of the Senegal River Valley,
contains a compartmental ized aquifer composed of fine grained sands and siltes.

The sediments (sand, <11t and clay) of which the compartmentalized
aquifer is composed are generally unconsolidated and belong to the Guaternary
stratigraphic series: Nouakchottiam and Inchirrian deposits of marine origing
Ogolian deposits of eplian origin. These sediments, except for the Ogolian
sands, have quite beterogenous vertical and horizontal granulometry.

The aguifer's upper compartment is generally of Nouakchottian sediments.
The thickness of this compartment (Ec) varies from O to 12 meters. This
compartment is spatially discontinuous.

The upper compartment is covered by semi—permeable layer #1 (clay and/or
=ilt) of Recent/Gub-Actual sediments and sometimes of the upper part of the
Nouakchottian sediments. Semi—-permeable layer #1 has a median thickness
(Espil) of 2.00 m.

The aquifer's lower compartment 1is mostly composed of Inchirrian
sediments. The thickness of the aquifer’s lower compartment (E)) was not
determined by project activitie=.

This compartment is separated from the aguifer’'s vupper compartment by
interlaminate, semi—permeable layer #Z (clay and/or silt}), composed of the
upper parts of the Inchirian sediments and, sometimes, of the lower parts of
the Nouakchottian sediments. Semi-—permeable layer #$H#Z has a median thickness
(Esplf of 3.00 m.

B.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
throughoat the entire area of the delta. Discontinuity zones are evident for
both layers, particularly on the delta’s edges and in the Eastern part of the
delta.

. The lateral extensions of the aguifer’'s upper compartment, including
semi~permeable layer #1, are limited:

¥ to the North and South, by the Ouallo/Dieri limits which circumscribe
the current floodplain of the delts,

¥ to the West, by the Atlantic seacoast,

¥ to the East, by the demarcated comfinez o©f the delta. These
formations extend beyond the delta,

The lateral extenszions of the aguifer’'s lower compartment, including
interlaminate, semi—-permeable layer #2 are limited:

¥ to the East, by the geclogical limites of the Inchirrian, also mapped
structurally,

¥ to the North and South, these formations extend beyond the borders of
the maps shown here.




B.2 Hydrogenlogical characteristics

B.Z.1 Structural hydraulic parameters

The horizontal hydraulic conductivities (K, ) of each compar tment are,
statistically, indistinguishable. Their common g eyage value 15 K, =4. 4*1Cl4
cm/sec with a standard deviation of +/- =4 .0%10 " cm/sec. yadraulic
parameters characteristic of the upper Compamtment (with E —B m) are.

X T = KE = 3.2%10Y m /sec

¥ 5 = gx10*

However, ctoefficients of trsnsmissivity have been measur 1 SOMme
localities which are more than two orders of magnitude larger (10 m%/sec),
reflecting great heterogeneity in the aquifer.

The agquifer’'s upper compartment 1s capped by semi—permeable layer #1.
h$ vertical btydraulic conductivity of this layer (K, ) i1s 0.5 mn/day or 5.8 %
10° m/sec, the literature reports values ranging fr 0.5 to 2 mn/day).

The lower compartment is separated from the aquifer’'s upper compartment
by interlaminate, semi-permeable  layer #2. The wvertical Mydraeulic
conductivity of this layer (Kﬂ2) is 10 m/sec.

8.2.2 Confimed and/or unconfined agquifer

The upper compartment contains a confined or wunconfined agquifer
depending upon its water level with respect to semi-permeable layer #1

The unconfined aguifer (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 confimed aguifer under interlaminate
semi—permeable layer #2.

The two aquifer compartments are hydraulically connected to the Senegal
River which constitutes a rechsrge zone with a length of 143 km (from
Faidherbe bridge to the junction aof the river and the Tahouey canal). This
recharge zone is a linear incision into the aguifer with an average depth of
7.9 meters and average width of 360 meters. During the project’s observation
period (1987 -198%7), the water level upstream of Diama Dam varied from —0.26 m
ASL to 1.37 m ASL.

B.2.3 Horizontal flow

Near the watercourses, in the zones influenced by these recharge
sources, the horizontal hydraulic gradients (ih) vary as < % < 2.2 mikm,

The calculated maximum influence distance of the surface waters on
adjacent aguifers, without considering evaporation losses, is on t order of
2 km from the watercourses. This represents a land area of 330 km*, or 7.59%
of the delta surface. This theoretical influence distance is confirmed by In-—
situ piezometric observations (between 1.0 and 2.0 km). Computer modeling
(Filippi} incorporating evaporation effecte, suggested an influence distance
of 700 to 800 m, a value which seer~s {0 ue toe be guite reazocnable.

The horizontal hydraulic exchanges are limited to infiltratiom through

the banks of watercourses, and canals. The correspondlng estlmated inflow to
the amuifer je 1, &7F40F =V fumae Thia mAoomd v+ B e R N A Dot 4
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modest contribution of infiltration through watercourse banks to  total
hydraulic exchanges, this phenomenon is directly related to csoill salinization
by raising the water table and the thereby increasing capillary flux rates
{(the evaporation mechanism thus made more efficient, more salts accumuelate in
the surface soils).

Salinization zones are located near water table recharge areas of which
there are two types: watercourses and irrigoted perimeters. The increase in
irrigated land area and especially the intemsification of agricultural cycles
(three agricultural seasons are possible) will irremediably cause an increase
in  the rate of spil salinization, particularly in  the zomes located between
two recharge areas less than 2 km apart (Debi, Boundoum, M Pourie).

The  infiltration  of water through the watercourse banks is
systematically oriented from the watercourses toward the adjacent aquifers,
throughout the hydrologic cycle. This situation will be intensified with the
construction of the dike on the right bank at which time the water level in
the river will vary from 1.5 m ASL to 2.5 m ASL.

The interstitial flow wvelocities (V) valculated from hydraulic

conductivity (Kmin=K -k and  Kmax=k +k for & gradient Dh = '2*_m¥i§a

{corresponding to the' ffood period or £he water level to be maintgf%ed by the
dam upon completion of the righbt bank dike) and Tfor a porosity (n) of 0.15
{(value used by the project) are:

v (Kmin, Dh o n=0.193)

A 0.04 m/year
¥ (Kmex, Dhy'o. N=0.13)

4.20 m/year

These interstitial flow velocities are low and signify that very littie
saline water will be replaced by fresh water.

The impact of Diama Dam on land adjacent to the river will be limited to
a corridor 4 km wide (2 km o each side of the river bed). Soils in this band
will be very wulnerable to degradation from salts, especially in the proximity
of recharge zones related to irrigation. The substitution of saline water by
fresh water will not occur.

fApart from the areas adjaecent to watercourses, the potentiometric
surfaces are comstantly negative outside of the Irrigated perimeters (-0.7 m
ASL June '88 and -0.Z2 m ASL October "B8:. Incide of the irrigated perimeters
they fluctuate between (—0.3 m ASL June 88 and +0.4 m ASL October B8).

The horizontal hydraulic gradients (ih) are practically null except for
in the zones influenced by watercourses and near irrigated perimeters and thus
do not induce horizontal groundweter percolstion.

8.2.4 Vertical flow

In the abszence of significamnt horizontal flow, 1t is accepted thet the
hydraulic exchanges are essentially wvertical.

The vertical exchanges are controlled by the Iinflows related to the
infiltration of arnual precipitetion (P=242 mm (1982)) and irrigation water
(PH = @351 mm (rainy season)) and by Josses related to evaporation from the
shaflow water table and recharge of the aguifer’'s upper compartment.

Evaporation from the water table 1= 2 function of the water table depth.,
Theoretically, the capillary rase corresponding o the median water tabile
depth is on the order of 0.3 mm/day.
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The median seasonal static water table depths for piezometers located
inside and outside of irrigated perimeters varies from Z2.06 m (rainy season
1987) to 2.92 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 clearly higher in the irrigated zones,
particularly in the Eastern part of the delta (Thiagar perimeter and the C55)
which also coincides with an unconfined aquifer zone (water table).

Recharge of the agquifer’'s lower compartment is negligibie.

The estimated inflows {rainfall and irrigation) are 1.29E+08 gp
(1988} and the losses (capillary rise and evaporation) aere 1.26+08 m

This estimation is probably excescsive within the confines of the delta.

/year
/year.

8.2.5 Geohydrochemistry
The quality of the water is poor within the limits of the delts.

Saline in the central part of the delta (TDS > 10,000 mg/l}, the
groundwater becomes only brackish at the delta periphery (1000 mg/1 < TDS <
10,000 mg/1). These waters have high sodium adsorption ratios  (5.A.R.) and
high electrical conductivity values.

The central delte zone coincides with the river channel during the
Inchirian epoch.

The groundwater 1=, therefore, generally inappropriate for human
consumption, irrigation, and watering of livestock. Some smsll localities may
have higher quality groundwater but they are the exception and are without
geographic extension.

The groundwater s salinity seems to vary a great deal over time but this
is apparently 1llogical and unexplained. Previous studies report the same
observation. These variations do not change the designation of the
groundwater as "poor quality”.

8.3 Summary

Theoretically, the aguifer is unigque, heterogenous, anisotropic,
composed of two compartments: upper and lower. In practice, wster management
problems are related essentially to the aguifer’'s upper compartment.

The natural hydraulic equilibriun fannual  flopd/drought cycle) between
the surface waters and the groundwater has heen altered since 19&4.

In 1964, the peripheral dike on the lgft bank was completed, protecting
b1.6 4 of the delta surface area (2769.8 km' ).

In 1984, Diama Dam became operational.

The impact of these land development works has been arn elimination of
natural recharge zones (topographic depressions flooded annually for about 32
months/year) amd a multiplicstion of scattered sessonal rechsarge zones
(irrigated perimeters} where three crops per- year become  possible with  the
dual operation of the Diama and Manantali Dams (irrigation 6 to 9 months/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 19791).
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The effect of these impacts is the raising of the potentiometric surface
{(water table) in the recharge zones.

~ All rises in the potentiometric surface, be they caused by horizomtal or
vertical flows, linear or point recharge zones, are, in function of their

intensities, likely to actively contribute to the degradation of soils by
salinization.

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

It would be misleading to try to determime draimage schemes based on the
statistical data contained in  this report which are valid for the entire

delta. Drainage systems must be designed specifically for each of the
developed zones. This approach would reguire a different working scale.

This project’'s contribution to the hydrogeological knowledge of the
delta 1is considerable in that it has created a geostatistical view of the
aguifer's structure and has provided chronological information on the

evolution of the piezometric fluctuations and the phycical-chemical
variations.

These basic data, indispensable to developers, will permit the
establishment of more realistic development plans.



Y RECOMENDATIONS
F?.1 Short term work program
?.1.1 Continuation of interpretation work — small scale

This synthesis report - volume 2 — deals uniguely with the delta region.
This geographic limit 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 small scale, the following geographic sectioning is proposed:

¥ the lower wvalley and the lower middle valley, (Z1) located between
coordinates MTU-X 825 and MTU-X 380, corresponding approximately to the
limit of influence of Diams Dam (elevation 2.5 m ASL},

¥ the upper middle valley and the upper valley (Z2) located between
coordinates MTU-X 580 and MTU-X 818, enclosing the suspec ted
Maestrichtian recharge zone.

Considering the irregular distribution of the OMVS piezometric network,
it i1s possible that the sectioning proposed above be redefined.

For continuation of the interpretation work, MY has trained personnel,
equipment, computer materials and a working methodology, all in place at the
Groundwater Monitoring Unit.

Some of the geological maps for zome (Z1) already exist in the data
base. All the basic digitalization work (river and streams, the topography,
the piezometry, the locstions of irrigated perimeters, towns, raingsuges, and
water level scales) has been completed for the entire Senegal River Valley,
thus covering the Z1 and Z2 regions.

Bespite this real progress, much of the data analysis and interpretation
remains to be done. Production of this report required an important gquantity
of work, more than &6 months. Considering that the delta constitutes one of
the three regions of the valley (delta, 71 and 27}, annther year of analysis
and interpretation will be needed to write a similar report for the entire
valley, &6 months per region.

Without the support of technically oualified personnel, the GMJ  chief,
who is also responsible for the dote base, will not be able to perform all the
technica! tasks involwved in the production of the reports (the hydrogeclogica!
cartography, the exploitation of the BES date base, the data interpretation,
etc.). It is necessary to take 1into consideration the institutional
recommendations made in the final report - Volume #1.

.1.2 Corntinuation of interpretation work - large scale

The cartographic scale used in this report (approximately 1 cm = 12 km)
permits the representetion of regional characteristics and the exposition of
hydrogeological phenomenon for the entire delta. The precision of the maps,
which were developed from hydrogeclogical observations made with anm
irregulerly spaced piezometric network, is approximate. During geostatistical
treatment of the input date, estrapolated wvalues were projected onto regular
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 larger scale (1 cm =2 or 3 km) and the definition of specific
geographic targets, it is possible to develop more precise hydrogeological
maps. For an idea cof the kinds of maps which it is possible to produce, the
reader should refer to the list of maps following the table of contents of
this report. ObBreater cartographic precision is especially possible within the
limits of the 1irrigated perimeters, where the piezometer distribution is
practically regular. In fact, the construction criteria were for one
piezometer per 100 ha.

Therefore, the geographic sectioning of the delta in three sub-zones is
recommended :

¥ DLT_1 includes the zone near Keur Macene and the perimeter at Debi,
¥ DLT_2 includes the perimeters at Boundoum, Thiagar and M'Pourie,
¥ DLT_3 includes the environs of Diama Dam.

Several piezometer lines, transverse to the river, are located in each
sub—region.

For each of the delta subregions, useful source files (geology, water
level, piezometry, etc.) exist, for the entire delta region. These files are
necessary for the geostatistical treatment which would permit development of
the hydrogeological maps for each of the above-mentioned sub-regions.

Development of the sucoested thematic maps for each sub-regicn would be
a fairly simple exercise, based on the simple redefinitior of the geographic
limits of the maps (MTU-X, MTU-Y), and performed with the SURFER software
functions.

The time required to produce the maps for the delta, as recomnended
here, would be on the order of two to three weeks per region.

2.1.3 Procedural changes for the measurement of electrical conductivity

Within the limits of the delta, electrical conductivity measurements
have caused some concern with regard to the degree with which they represent
the aquifer conditions. The instruments, which were not  always appropriate
{measurement scale of O to 20,000 pS/em) and the measurement procedures  which
were used in the field, together with the extreme wvolstility of this
parameter, as remarked by previous studies, are responsible.

In order ta alleviate these problems, the project has purchased and
received new instruments (measurement scale O to 200,020 pS/scm)  which will
allow direct measurement of the plectricz! conductivity valiues encountered in
the delta.

In order to make field measuremente of electricel conductivity with more
certainty, 1t is suggested:

1) to give priority to salinity mornitoring of the pilezometer lines
which are transverse to watercourses (L1 to L7, see their locations on
map #4) and to the piezometer lines which traverse irrigated perimeters
(LB to L12, see their locations on map #4),

2} to maintain the monthly measurement schedule,

3} to systematically empty the 24 PVC plezometer tubes with
appropriately sized submersible pumps before measuring the salinity,
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4) to use the newly purchased conductivity meters with the measurement
scales from C to 200,000 pS/cm.

The submersible pumps for emptying the piezometers are already avallable
to the project: one per sector office. In the absence of pumps, simple foot
valves could be used.

The criteria for stopping pumping should be the stabilization of the
electrical conductivity values.

Salinity monitoring will be limited by the time reguired to operate the
pumps and complete the piezometer emptying procedure. It would seem that up
to 0.5'hour5 might be required to make s measurement in this way.

?.2 Medium and long term work program

Work programs are determined by the needs of the technical organizations
working in  the wvalley. The GMJ 1is specialized 1in  hydrogecliogy and,
consequently, can only make contributions to current problems within the
limits of this science. The scope of subjects researched must be proportional
to the available means, and should be limited, as much as possible, to unique,
precise topics.

Support from organizations which have already dealt with similar
research topics would evidently be desirable and depends on the awareness of
technical organizations working in the valley,

The results acguired by the GMJ have already been distributed as
miultiple-copied reports to OMVYS headguarters, the OMVS member countries and
the O'WS Documentation Center. It seems that report reading is a more
fastidious activity than attending meetings and seminars.

it is recommended, therefore, that a calendar of meetings be established
with the technical organizations working 1in the valley (ORSTOM, ISRA, SAED,
SONADER, CNRADA, the Universities of Dakar and Nouskchott, etc.) with the
following objectives:

1) to distribute information about the 0OGMJ, 1ts resources, the data and
the results acquired since the beginning of its activities,

2) to encourage these various organizations toc meke direct use of the
raw data, as yet untreated, which is contaired in the data base
(definition of consultation procecures),

3) to define the program of field work and thematic research (spil
eslinizaticr, water table riss, river — waiEr takle recrarge,
evaporation) in collaboration with one or more of these grganizations.

This program should correspond to field rpeeds and should eavoid
theoretical research topics.

The reader will find below some recommendations which were developed
during the course of the project activities and which may help to orient the
information sessions to be held with valley developers.

F.2.1 Soil salinizetion monitoring (BRGM recommendation)
The phenomenos of scil salinizatiosn ie  1n the dorain of agromomic

science. It occurs in relation to evaporation and evapotranspiration of water
from surface sources (irrigation water from developed areas of the wvalley} and
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from shallow groundwater which rises due to capillarity. Physical and
chemical swil phenomena are also involwved.

The quantitative evaluation of this phenomenon could be undertaken with
the installation of measurement stations which would be located in function
of:

-~ the geology (geological profiles) and pedology of the areas:
these criteria would be established with the  organizations
concerned with agricultural development (ISRA, SAED, SONADER,
EtC-);

— the depth of the water table and its amnual fiuctustions (use of
the data base concerning piezometric 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 i= likely to orcur (agromomic criteria),
and its praximity to meteorological stations.

It is suggested that 4 stations be installed, each comprising the same
equipment:
- a piezometer of small diameter, full-tubed until the water
table,

- a set of tensiometers, installed so as to measure the soil water
potential in the non-saturated zones (depths of 0.20m, C.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 lines perpendicular to the river. The measurement
af evapotranspiration losses thus obtained could be used to refine the
calculations of the lateral river—-aguifer exchanges. Two stations would be
installed near the experimental agricultural perimeters.

The stations would be monitored monthly (piezometers, salinity and soil
moisture comtent), necessitating field equipment includimg a neutron probe,
which might cause certain difficulties.

The data thus collected would permit an evaluation, for each period of
time, of the water volume evaporated through the soi1l surface. Bi—weekly
monitoring could be required in case of strongly varying egquilibrium states.

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

Q.2.2 Lateral hydraulic exchanges with the Guaternary formations {(BRGM
proposition)

Operation of the dams will induce changes In the water level of the
river, spatially and with time. Lateral exchanges with the alluvial! aguifer
will be affected by the new conditions.

Begun in 1984 with one profile (BRGM 1984), then continued by EURDCONSIL
during restoration of the irrigated perimeter at BOUNDOUM, the guantification
of the lateral exchanges will be continued through the ahslysis of many
piezometric profiles which are perpendiculsr to the river, corresponding to
the observelion period of the project and beyond.
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The increase in  irrigated land areaz and the intensification of
agricultural seasons during the annual cycle will lead to rises of the
potentiometric surface by vertical flow, spatially and with time.

The OMVS piezometric network containg 7 profiles which are transverse to
the river (L1 to L7) within the limits of the delta and 5 other profiles (L8
to L12) within the irrigated perimeters. Their locationg are shown O map #4
of this report.

Analysis of lateral flow was made, in this report, on the baszis of the
piezometric evolution recorded between June 1987 and December 1989 and on the
basis of the geologic contexts and the hydrodynamic parameters.

Similar piezometric behavior was observed for all the sites along the
river although differences from one site to another reflect the aqguifer's
heterogenous character.

It is therefore recomrmended that ome or more models be calibrated with
the piezometric 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 "model' evokes the notion of simplicity
and efficiency. This perception is totally false. Confusion has prevailed in
regard to this term since the consultancy by Mr. Bolke, USGES expert.

A mathematical model 1s a precious tool when applied concretely to a
topic of research and when manipulated by a traimed team. A structure like
the GMUJ cannot take responsibility for any modeling activity becsuse of  its
staffing limitations. It 1is possible, however, that the use of one or more
mathematical models would be absolutely pertinent in the effort to find
answers to problems which are posed.

It is recowmended, therefore, that, as a prereguisite to any modeling
activily, a seminar be held with one or more modelling specialists who have
experience with the problems in the valley and & solid understandirg of the
project’s resources, in order to:

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

2) estimate the complexity and tihe difficulties involved in using these
models,

3) describe the various work scenarios which are poscible i~ light of
huran and finarcigl rescurces avasllable at the time. :

4) to choose the most appropriate modeling program.
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