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1 PROJECT PRESENTATION
1.1 Project prigin

The Senegal River Development Organization (L'Organisation pour la Mise
en MValewr du Fleuve Sénégal, OMVS) and the United States Agency for
International Development (USAID) signed a Grant Agreement for the Groundwater
Monitoring Project &25-0938, on fAugust 3¢ 1983. This grant agreement was made
possible following an environmental study by Gannet Fleming in 1970, reviewed
in 1979 by Mr. Geogrge C. Taylor.

The project commenced field activities in January 1985 and concluded
them on June 30, 1990.

1.2 Project cbjectives

The goals and expected outputs {(short and medium term objectives) listed
in the Proiect Paper Document were:

1) development of a master plan for the management of surface and
groundwater,

2) development of a data management system for the OMVS,
3) development of a data compilation and analysis system,

4) training of OMVS personnel  for the management of surface and
groundwater according to the master plan,

5) construction of an OMVS piezometric network,

Objective 1) and, subsequently, objective 4) were revised and redefined
during the course of the project through the interventions of short term
consultants, Mr. M. Vandenbeusch of BRGM, Mr. E. Bolke of USG5, and Mr. E.
Weiss of USGES. This point is trested in detail 1inm the project’s final
evaluation report (Ref.: Reeser and Dendrou). Objective 1) was replaced with
the obligation to write two synthesis reports: WVolume 11 - dealing with the
Senegal River delta region, and Volume JII — dealing with the environs of
Marnantali Dam.

This present report constitutes Volume 1@, covering the environs of
Manantali Dam.

In general, project activities, covering the entire Senegal River wvalley
and the area near Manantall dam, were focused on the collection and analysis
of hydrogeplegical, climatic and water level data, and the development of a
conputerized data management system. These were cbtained:

¥ first of all, by the construction of the OMVS piezometric
netwark which conteins 569 piezometers located in the Senegal
River wvalley between Bakel and Diama Dam and 20 piezometers in the
area nesr Manantali Dam,

¥ by the inclusion of wvillage wells to the OMWS piezometric
networks, bringing the total number of hydrogeological observation
points to 1151 sites,

¥ thereafter, by the hydrogeclogical follow-up of the network,

¥ by the collection of water level and climatic data recorded by
other organizations.
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Through this project, OMYS aimed to acquire a hydrogeclogics!l
obzervation system which would permit it to monitor the evolution of the upper
aquifer in relation to current and future development works in the Senegal
River valley {(dams and irrigated perimeters).

Analysis of the collected date 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 perimetlers,
especially downstream of Podor,

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

d) groundwater contamination 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 amd English, was written by Mr. Denis
Richard, consulting engineer (ISTI}), in collaboration with Mr. A. Diagana,
D.E.A. in hydrogeology, Chiekh Anta Diop University, Dakar, following
utilization of the GES data base (a project output) and Groundwater software,
in addition to many related computer software tools (WPS, Lotus, Surfer,
Grapher and others).

M-. Thomas Piekutowski, independent consultant, wrote amnexes #5 and #6.
Annex #5 presents  hydrological data for Manatali Dam (3 year period: 1987-
198%), and annex #&6 treats average monthly climatic parameters (4 year period:
1986—-198%) .

1.4 Project contributors

The production of this report, covering the environs of Manantali Dam,
was made possible through the combined efforts of many persons, among whom:

¥ the local personnel of the Manantalil sector office, responsible for
the collection and pre—analyses of field data,

¥ the local central office personnel (Mr. 0. Ngom, project chief, Ndar
Toute, 5t. Louis), responsible for coordination of the field activities
of each sector office (Mr. L. Sangare, 5t. Louis, Senegal sector chief,
Mr-. A. Ndiayes, Rosspo, Mauritania sector chief, and Mr. Toure,
Manantali, Mali sector chief).

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 attein project goals, 1571 provided project management
assistance to OMVYS by assigning a consulting engineer, Mr. D, Richard, to work
with the Groundwater Monitoring Unit (PES) project chief.




INFORMISSION, a subcontractor ta ISTl, 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 USGS (Mr. E. Bolke,
tydrogeologist, Mr. R. Hollway, computer specialist in hydrogeological
applications, and Mr. E. Weiss, hydrogeological model ling specialist),
participated in orienting the data interpretation and revising objective 1).
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The upstream zone corrgsponds to the region occupied by dam
reservolr. The curface area’ ?f the reservoir wvarles from 272 knf at  an
elevation of 187 m ASL to 477 km® at the elevation of maximum fill: 208 m ASL.
The volume of w@ter retained at the elevation of maximum fill is estimated to
be 11 billion m" (according to Mr. KONARE, Director of Manantali Dam).

The downstream zone is the part of the hydrographic network with a water
deficit related to the storage capacity of the dam.

This whole hydrographic network (principal  and secondary watercourses)
delimits, in the region of the dam, Just part of a watershed of low surface
area (see the map locating the OMVS piezometric network, 1/200,000).

2.3 bBGeology
2.3.1 Regional

Within the limits of Platesu Mandingue‘, the various geologic formations
which have been mapped are:

X the recent formations: comprising ancient alluvium and terracés,

¥ the Upper Proterczolic anyd Terminal Covert represented by the following
successive groups; Moro (dolomitic limestones, feldspathic sandstones,
argillite, silexites and tillites), AHskoye (argillites, siltstones and
sandstones), Souroukoto (sandstones, argillites).

¥ the Lower Proteroroic Bedrock: represented by the sedimentary and
volcano—sedimentary Birrimian (grauwackes and conglomerates, metamorphic-
sedimentary and complex volcano-sedimentary formations). These formations do
rnot show on the surface within the limits of Plateau Mandingue.

Bakoye group formations occupy most of the surface area of the Manantali
Dam region.

2.3.2 Local (near the Dam)

For the area close to Manantali Dam, the "Groupement de Manantali"s,
consortium responsible for the dam’'s construction., has codified the different
formations in the Bskoye group lithostratigraphic series (see section 2.3.1)
in order to perform a geotechnical analysis of the dam site.

On the following page, the reader will find schematic representations ?f
the geologic sections and codes proposed by the Groupement de Manantali®,
subdivided as:

¥ Recent/Guaternary Formations
¥ Upper Complex / Bakoye series
¥ Lower Complex / Bakoye series

3 Ref.: Groupement de Manantali, 1979, Mission AZ.1, Texts, p. 76.

} Ref.: carte Protogeologique du Laboratoire de geologie Dynamique St-Jerome
Marseille en collaboration avec 1a Direction Nationale de Géclogie et des
Mines du Mali 1/200 00Q.

S Ref.: Groupement de Manantali, 1978, Mission al.&, Volume 1, p. 19-23.

b Ref. :Groupement de Manantali, 1979, Mission AZ.1, Text. p.19.
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The following descriptions are extracted from the Groupement de
Manantali Report:

¥ Recent Formations
These constitute the surface terrains that can be subdivided as follows:

— alluvium deposited by the Bafing, essentially clayish-silts containing
traces of ferric oxide and organic matter. The thickness of these
deposits varies from 3 to 7 m close to the river and lessening toward
the valley slopes.

- laterally, these deposits progressively become a mixture of alluvial
and colliuvial! (eroded from the valley walls) deposits. These deposits
are between 1 and 5 m thick.

- the bottoms of the valley slopes are covered with talus, some blocks
of which are many cubic mmeters in size. The thickness of these deposits
can be up to 7 m.

- on the plateau, the surface cover is limited to small areas of organic
s0il and small accumulations of blocks.

¥ Upper Complex:

It 1is represented by two types of sandstone formations that we
distinguish from top to bottom:

Sandstone (C}: bhard, compact, massive quartzite sandstone. Highly
recrystallized (metamorphosed) and fine grained. More than 30 m thick.

Sandstone (B): grey-—oreen, compact, bomogenous — quartzite sandstone.
Highly cemented with guartz. More than S50 m thick.

¥, Lower Complex

It is represented by three types of sandstone formation and one pelitic
formation:

Sandstone O: fine to medium grained sandstone, beige to brown—grey in
color. Its thickness varies from 10 to 36 m.

Saendstone (1AJ): fine to medium grained, ferriferous sandstone,; brown to
purplish~brown in color. The quartz and feldspar grains are embedded in
an essentially guartziferous and ferriferous groundmass. Its thickness
varies from 10 to 37 m.

FPelite (18): alternating layers of ferrifercus pelite, limestone, jasper
angd/or volcanic tuff in which thin, interlaminate beds of fine to medium
grained sandstones are laid. The pelitic layers of this formation are
highly flaked. Its thickmess varies from & to 25 m.

Sandstone (2): quartziferous sandstone, from brown grey to purple in
color, progressive intrusions of lighter spots and ribbons. The
essentially quartzo—feldspathic sandstone is bound by silicates. It can
be as thick as 35 m.

Clay shale (3): dark grey. More than 13 m thick.



2.4 Structural considerations

The dam is located at a relatively pronounced encroachment of the nearly
vertical cliffs which border the lower part of the Bafing valley.

The abrupt break in slope that marks the c¢liff bottoms corresponds,
approximately, to a stratigraphic deformation of the sub—horizontal infra—
Cambrian formations.

The wvalley <=lopes and the two plateaus bordering the site present
similar structures capped by qQuartzite sandstone, about the same on both sides
of the river. These7are cut, sometimes deeply, by vertical fractures which
can extend regionally’. These fractures have been studied by Groupement de
Manantali as potential leaks from the reservoir. The boreholes made by
Groupement de Manantali from on  top of the plateaus showed the presence of a
water table 30 m above the wvalley floor.

The median zone of the Bafing wvalley is characterized by a graben which
is bordered on the north by a highly fractured zone wherein the layers are
displaced by almost 70 m. This deformation is step-like, The width of the
zone affected by the fault is on the order of BO m. To the south, the graben
is delimited by a fault into which was injected a dolerite dike 20 to 25 m
wide. The vertical displacement along the graEen is about 30 m. The total
width affected by the graben is about 210 meters” .

The covering terrain 1is thickest, about 2 m, in the graben zone where
there is an ancient bed of the Bafing. These terrains are silt—clay to silt-
sand deposits near the river, changing laterally to colluvial or eluvial
deposits. Talus debris lays at the bottoms of both wvalley walls. The
thickness of these deposits does not seem to exceed B m.

About half of the lower part of the valley is covered by a sometimes
lateritic (ferricrete) pediment, and the rest by an alluvial terrace which
borders the Bafing.

7 See the project map {partial compilation) and Groupement de Manantali,
1779, Mission AZ.1, Text, fig. 2.

8 £CcBM, 1979, Mission A.2.1, Texts p.38.
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Table #1 i a compilation made by the project, of data collected by
Groupement de Manantali.

Table #1 - Manantali Dam — permeability of fractures near the dam

borebhole under a real pressure of 10 bars

COMPLEX FORMATION ELEY. O ASL LUGEON REMARKS
RB LB L.U.

UPPER SANDSTONE C 290 - - -
- UPPER SANDSTONE B 220 210 - -
L : UFPER SANDSTONE A 17% 180 100 wvery permeable to Z5-30 M
% : LOWER SANDSTONE O 140 145 30 permeable along fissures
A LOWER SANDSTONE 1A 130 130 4-5 impermeable except along 1A/1B
o LOWER FPELITE 1B 110 116 2-12  practically impermeable
| LOWER SANDSTONE 2 ? ? 527 permeable
- '
} \ LUGEON LINIT (L.U.) = Number of liters absorbed per minute per linear meter of
\ :
\

Of the different fracture networks observed near the dam site, the
principal fractures are oriented E—W and the secondary fractures N-E.

The fractures have three causes:

| : ¥ tectonic (faults, fractures) associated with injected dolerite,
¥ diagenic, formed during rock consolidation and cementation

¥ erosive, associated with unstressed rock. These fractures are
closely related to the topography. This type of fracture is
rarely observed below a depth of 30 meters.

2.5 Groundwater

|
| f The fractured zone in the area nesr Manantali Dam is, hydrogeologically,
] poorly known.

Through their studies the Groupement de Manantall detected:

¥ a water table in the valley walls, above the Bafing wvalley floor
elevation,

¥ an artesian aguifer located in the pelites (hydrostatic pressure
1 m above the river),

¥ a discontinuous aguifer in the alluvium.

Groupement de Manantali tried to evaluate the importance of water leaks
near the dam (10-20 open fractures) and in th% graben zone (fault 30 m wide)
by assuming two perqgability values: 4 ¥ 10" m/sec (according to professor
Hettfeld) and 3 % 10 m/sec (according to the Lugeon tests).

The total discharge of these fractures is EF ‘the order of 70 to 140
l/sec, for an annual discharge of 2,3 to 5 % 10°nm These quantities are
i small.



3 ARUIFER CHARACTERISBTICS

The aquifer near Manmantali Dam is composed of consolidated fractured
rock. The permeability of the aguifer is strictly related to the fracture
network weaving through the different rock masses of the region. Befare
constructing piezometers in this terrain, the project decided to perform some
geophysical exploration in order to locate in-situ  the various structural
alignments which had already been pre—mapped through photco-interpretation done
by Groupement de Manantali.

3.1 BGeophysical exploration

Geophysical exploration was performed by DNHE from 1/7/88 to 2/15/88.
Electrical methods were wused (profiling and sounding) which permitted

locaelization of structural elements. Electromagnetic methods permitted
lacagization of magmatic intrusions. The test results are included 1in the
DNHE' report.

The geaphysical test sites were chosen on the basis of the following
criteria:

¥ immediate proximity of Manantali Dam, upstream and downstream,

X the presumed passage of a structural alignment or its extension, pre-
localizedigrom the "carte des grandes fractures aux environs du barrage,
1/40,000"* (map of large fractures near the dam}.

At the 9 sites tested during this gepphysical campaign, 13 structural
accidents were detected.

In all the OMVS piezometric network has 20 piezometersu. Twenty out of
twenty network piezometers were located on the geophysical accidents. In all,
7/9 of the geophysical test sites are located downstream of the dam and 2/9
are located upstream.

Fewer tests were made in the upstream section because of the zone's
inaccessibility at the time.

3.2 Drilled structures

The Groundwater Project (Projet Eaux Souterraines — PES) financed and
supervised, from 3/01/88 to 5/26/88, the construction by DNHE of the OMVG
piezometric network (20 borehbles).

The technical characteristics of each of the 20 piezometers are listed
in (2) tables on the followipg pages, both of which were generated with the
"Rapport" function of the BES™ data base:

¥ Ref.: DNHE/OMVS, 1988.

9 gef.: Groupement de Manmantali, 1979, mission A2.1, text, fig. 2.
I gee the map locating the drilling work by the project.

12 GES = computerized data base (bestion des Eaux Souterraines) developed
especially for the Groundwater Project for groundwater management.
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1) "Table #2Z2: Summary of basic parameters — all network sites'; (tableau
de synthése des psrameires de base - tous ouvrages confondus), iisting
for each piezometer, information relative to:

- the geographic situation,

- physical environment, and,

- related infrastructures (meteorological station and water level

scale},

2) "Table #3: Summary of technical characteristics of the piezoneters';
(tableau de synthése des carectéristiques techniques des piézmmdirecs),
listing the following information for each piezometer:

technical characteristics,

hydraulic conductivity,

dates of completion of various stages, and,
periods of hydrogeological monitoring.

ol

In these tables, the following codes signify:

HE : Hors Unité Naturel d'Equipement, geographic concept with no
signification in the Manantali Pam region, limited to the Senegeal
River wvalley,

capping formation of Plateau Mandingue

Bakoye group lithostratigraphic series (see lithostratigraphic
description, section 2.3).

N/R : Not completed

MAN
BA

The column entitled "Strat. intake" designates the litholegic nature
of the formation in which the piezometer intake is located, using the codes
proposed by Groupement de Manantali. The reader will find lithostratigraphic
descriptions of the codes in section 2.3.2 of this report. Annex #1 contains
the technical and geological cross sections of the piezometers and annex H2
contains geoclogic profiles. Plotting of these sections and profiles was
performed by the project with the Groundwater software.

3.3 Structural description of the dam surroundings

The construction of the OMVWS piezometric retwork necessitated well-
drilling (20 piezometers) for a total of 215.54 linear meters, drilled in
bedrock. Many structural accidents (83) were intercepted of which (73)
fractures and shear zones. These structural accidents were ususlly water
bearing (W.B,) of some significance (93.984 of the structural accidents).
Table #4 indicates the structural accidents (fractures and shear zones) and
water bearing formations (W.B.}, their distance and average separations
{column: “M,DRILL/NUM W.B.").

Table #4: Structural accidents

TYPE NJMBER BEDROCK M.DRILL/ MJ.DRILLYS M.DRILLY M.DRILL/ YACCID.
ACCIDENT DRILL{m) NUM W.B. NUM FRACT. NUM SHEAR NUM ACCID.

W.B. 78 915.54 11.68 N/A N/A N/A F3.98%
FRACT. 73 F15.54 N/a 12.54 N/A N/A B87.95%
SHEAR ZONE 10 915.54 N/A N/A F1.35 N/A 12.05%

ACCIDENT 83 F15.54 N/A N/&A N/A 10.98 100.00%




DATR

-

o R
P

)
;

anve 208

v g

up

toup

g

o
i)

np
up
g

Coup

Cp
shoup

Hp
upe

[T
g

Lo

TN

1
"o

[EAN

14hd.)
14, )
14%9, 4
AT
1a%4,7
RN
AV
AV
1450, 7
1459, 8
{454,}
1458.,%
4R, %
ARG, D
14585
1450,2
TASR 4
14857
FARS b
banh 4

ALT.
REIFION
L]

[ALR
M
18/,
Ih!,
Int,
A

T

K0,
I,
050

Thi

Ind,
Ini.
164,
(LY
151,
Jhi!
SH6
9,
I,
Jnin
tef,

5
J54

[

4

1AR
"
114

k1
(R

75
I
176
184
)

h4R
H

1h4

ORGANTSATION POOR 1A NISR T VALEOR OD FLEDVE SENECAL (OWVS)
DIRECTION DR ["[NFRASTRUCTORE REGTAWALR (D!R)
FELLULE RS RADY BQDTRRARAIRES - SAINT-TONIS

PROJET QMVS/USATD 9675-0954

TARLTAU 1t 2 TARLEAD SYNTHRSP DPS PARAWETRES DR BASE - TONS ODVRAGES CONPONDNS

SITUATION GEOGRAPHIQDE
VILIACE/PRRINRTHE NIST. HORY
PERIHETRR

CADRP. PHYSIQUR
£, GEOM.

0N,

HUR
roe
RRE
HUE
HIE
e
HOR
HI¥
HUR
HOR
HOE
g
HIE
HUR
HUE
HIIE
HII%
HIIR
RUIE
FUR

AN
MAN
MAN
HAN
AN
AW
MAN
AN
s
HAN
"y
#an
HAN
AN
HAR
NAN
MAN
HAR
AN
WK

6oL,

.1
Ba
RA
RA

BA
BA
BA
BA
BA
A
BA

BA
A
BA
B
Rh
BA
BA

NO®

KARANTALT
NANANTALT
RANANTALT
RANANTALT
RANANTALT
FANANTALT
MANANTALT
MANANTALT
KANANTALI
EANANTRL]
BANANTALI
KANANTALI
MANANTALT
MANANTALL
MANANTALT
MANANTALT
MANANTALY
MANANTALT
MANANTAL]
NARYTAL]

STATION NFTRD
OIST. (KM}

15.500
15.500
1.050
1.00¢
0,45
1,350
§.25¢
0.0
0.200
0.208
0.208%
f1.nd
0.700
15.509
16,900
17.500
13.250
4,450
4150
4.250

v

[NPRASTROCTURES AUDISTNANTES
ECHRALE LIENINRTRIQUE

N

ANSANTALTSRARRAGE -AMONT
MAXANTALL/BARRAGE! ANON®
NANANTAL/BARRAGE, AMONT
MANANTAL L fRARRAGE AMONT
KANANTALLL/BARRAGE ANONT
MANANTALT/PARSAGE AMONT
HANAITALT!RAHR!G! ARONT
HAIANTAL!!R!HRiﬁ! ARONT
RANANTAL /9ARRAGE AMORT
FARANTAL/RARRAGE AMONT
MARANTAL ! /RARRAGE ANONT
KANANTAL / HARRAGE AMONT
WANANTALY /RARRAGE ANONT
MANANTALI/RAREAGE AMONT
MANANTALS /BARRAGE ANONT
MANANTALT/RARRACE ANOXT
MANANTALT/RAARAGE AKONT
MAKANTALT/HAIRAGE AMONT
HAKANTALT/RARRAGE AMONT
HANANTALT /RARRAGE AMONT

4

prav. i)

15,500
18,500
1,080
1.hen
9.450
LA
5,250
1,300
5200
b
0.3%0
2.200
0.200
15,080
16,900
{2,500
18,250
4050
15
415

PAGE 1
CONRS D'EAD
o DIAT. N}

RAPTNG 754 e
RAFING 154
RARING 50
RAPTRG Kb ]
RAFI¥G me
RAF | %G 750
RAFINE LGIT ]
HAFING il
BAFING ins
RATING 130
BAFING 150
BAFING bkl
RAFING W
RATING 1508
RATING 10500
RATING T
RAFING HEAl!
RAFING %0
RAFING 550
BAPING 150

A e



1) ]
kLt

BOLAVLON  4a¥d NOLIVION 140 04
LI51A "Wyl
FTI0SHEN ST4181A

(1 TARTNES
TR
(TTERYIN ¢
[VTRRSR (%
(TN
[1TRTITY
[ PARYIYS
Y TAREIRS
[VTRRIT RS
LT
i/ il
[YTRAVNE
(YT
YTRAEY
Wit
ITTRATRN
sl et
bus LI
[TTRATAYS
IYTRATIY

e e rw e vm M e m a4 uu W o W s — o o wP

IYERVIAM
b/ LD
[Tt
Wi
WAt
siA01/ 10
[N FEATIHY
e
Wt
wiollle
L6080
Bi/p0sot
TV
ed/Los50
w/eisin
rifed/ot
W/ e/ 3¢
§i/80/4L
il/s0/el
TP YS

L1514 141]

FTTAIVE TS
Wi
&3/10/00
9700110
¥/ 00
/%0451
WL
801
o8/ 10/9(
su/r0/ L0
10451
gi/tod0l
TN
[TIEL Y]
TIA1 13
LTSI
Be/10/1
(TTa DTN
T
T

O LI RRINOILS TUITOALD
BUSLIS9T BR/VO/SS RR/10ITD
A TS T Y I R TS T
WO/90/60 buSrui 11 #0700/90
(IR IR T IA T
WR/90/ 1L BR/RGL0Y RR/T0/90
NB/SD/L0 b3/Pe/90 tu/{0/5D
BR/C0/00 bB/LO/RL TRI104LD
/r0/40 68/50780 $R7T0JTD
BE/ED/9T BR/TH/RT TO7T0IT0
WB/CO/00 bR/0/ 0 SUICOSTE
RUSEDIED I/Y0/V0 uIT0/ LD
DR/EO/L0 &3/90/40 dwinDsiD
RE/90/08 SUIYO/LO 0450790
RRIPOIST oN/LO/0E YHILDITD
TR A I TR T Tt TRV
WRIVQIDL GUIYONY RID/ LD
RO/YOILT GU/P0/Y0 WOIE0/ LD
BR/SEITY GN/¥O/0 S8/ TDISR
SR/S0/ 1 SRIRO7S0 SR/TDISH

D Ivigs 1 Lyssy DOVAO4 “XE1TAALE CSAVIdN]

KD1LVELIYEN RO $3L¥0

SRNAAMOLALd SBO STOBINRDRL SRODILSLHNAIVAVD $70 ASTHINAS

{-al1'1
¥-80°%
{4071
f-dutIc
g-a07 e
{30
(-3
{-ay°1
£-d0" 1«
Y-t
y-are
31§
[-ap1{
[-80" 14
£-43 ¢
{-4y}
(-840 1«
1-36°L
|33 [ KA
[ T4

i
BN
/N
B/n
'R
1L
Hin
L1
HiN
BN
UK
un
8N
Hi
BN
HiN
BN
HIN
WIN
8N

4

1]
BIN
BN
L11]
BN
L1]
u/k
L1
2N
.91 ]
.91 ]
Bk
LI
112 ]
47
aix
LFL]
LI
41X
L

L1

O 1vSE0 ¥ IvsSH aNidasd A1vddus
{29843} SALIIHVARGEA 20 YENE'IYA

[ 1)
(441
179510
L4
1"
[T
pt 6!
1is!
(1Y
rrisi
(MY
A Y
179s]
Loyl
L TYS
Vst
U hal
(RS
U8
L

{ND1/1)

FICIENNL e TR Y

[ sad% 21ty g
Vi 5410 LS 0L
YL o5RED {/0.y ol
J s 11y 100
250 T/
TSR 1]

O sddy {13,y
LR FE NI TR TR 138
O samo 2y g
LAREYE NI SRR Y
[ osdb {71,y Hyy
UOSAED [ilay t0t
L EHIN R
CIET LR SR T ]
0 SN 1i0.y W
A T RN VR IR I}
0N £/l WeS
WY AaMAd 1Ly Tug
© S0 (11,5 10t
ALEIN {41y L0t

[13%]
LT
139
[33]
jury
Loty
bl
414
bl
LI
9809
959
LUl
[T
(1314
9y
cis
e
$Lll
slil

"
I8
bR
oy
1008
fnly
AN
1L
nenl
g
{[1L]
Q06
[[']RY
Q04
(T
0448
alry
it
510y
$191

(89} ([u5/e2
ANTAAND L) TDNUT OVH SYH 100K Fiddud

LIB004D L1080 "LvElS JAd

VEe0-5090 Qlvsn/samo JAroNd

FLIERIN
BANDLNNDAL SIuDLLSIRYSIVRYY

€ H hvitdel

SING)-LATYE - SENIVIN4LO0S XAvd S30 900740
(310} TIVNGIDRY dunddsadsvadn] 1 a0 XD1.AN10
(SAN0] T¥D4KAS AMAT'Ld 0O AUTTEN NI 351N VY HOOS NOLLYEIRVINO

[HTAr S
(i
Ry
'L 3
090y
IR
[
LT
sl
ot
{uey
Loy
1T
LY
HIH
1M
iy
06"+ 1
ubTur
YLyl

00 td
[T
TR
06wt
(18T
el
ot
[ MY
[yt
§E00r
PTT#¢
W
i
DIty
B UL
Yy
19’
11N
Q'
0 (i

F1579]7 40N

LATREATEN SS L RIT

[T AT TR

bRl LT

LA BTN B8 1Y

LLAORNTAN i 1Y RIS

[T Y] 2
IR I L) AT
L EORRT I 1Y H

ARSI Y 1Y A
(RIA SR 1Y A
[T T N1 I
[TUMRERFA 1Y O
[IRSFRTEE N 13 IS

[TEREELAN R AN FR
LRI B 1Y I
LN 1Y S
TR M 1Y F
LEI AT AN 7]
WL Y]
Latinl T5a9r) &
'Y
1AV

i

;=4¢Hg=(1;~ﬁh
dH-g v oy
dH-% 130w o g7
dH-duvnve w oo
dH-Linew Wl
AH-Yuhu YW o) -
Ay yavm 4747
S I AR
AL Lguvd 07 L7
dh-{1givm- ¥l [f
A~ Tguvd o7 o
A0 Live ¥ -
CERYHEL L I PN
AR-Gunpysd ¥
AR-Fuitiid ¥ (1
dR=E 0N v
AR-T40yud ¥7 2]
dH- LDflyYw X7 -7
LLM AL R4
AR-Y{O0VH Wi g

FEIEL T ETN]

To/dpine  divn



11

Table #5 inventories the different structural accidents intercepted by
the piezometers during the drilling and their appearance freguency per linear
meter (coluwn: "Freq.Accid./LM Drill"), as well as other basic statistics.

Table #5: Inventory of structural accidents by piezometer

Piezo W.B. Bedrock M.Drill/ <Structural Accident> M.Drill/ Freq.fAccid/
# Drill(m) Num W,B. Num Fract. Num Shear Num Accid. LM Drill
MAOOO1 2 8.80 4.40 2 F O N/A 4,480 0.23
MADOOZ 2 38.73 19.37 2 F O N/A 19.37 0,05
MAOOO3 3 /2.75 14,25 3 F O N/A 14,25 Q.07
MACOO4 3 74.53 Z24.84 3 F O N/A Z24.84 .04
MADOOS 3 48.10 16.03 3 F 4 = &.87 Q.15
MACOOE 6 &5.93 10.99 4 F 2 5 10.99 0.0%9
MAOOO7 3 20,35 16.79 O N/A 3 S 16.79 C.0&6
MAOOOB 3 &0.00 20.00 3 F 1 5 . 15.00 0.07
MAOQOO 5 36.0C 7.20 5 F O N/A 7.20 0.14
MAOQLO 7 47 .60 &£.80 7 F O N/A 6.80 0.15
MAOO11 & 73.959 12.2¢ & F O N/A 12.2¢6 0.08
MACO12 S 32.235 &6.45 3 F Q N/A 6.45 0.16
MACOLZ 2 18.84 .43 2 F C N/A F.43 0.11
MAOO14 4 72.48 18.12 4 F ¢ N/A 18,12 Q.06
MACO1S 2 23.25 11.63 2 F o N/A 11.63 .09
MAOO16 4 14,00 3.90 4 F O N/A 3.00 Q.29
MAOOL7 b6 356.05 6.01 & F o N/A 6.01 Q.17
MAOC18 3 52.80 17.40 3 F o N/A 17.&0 0.0&
MAOOLT 4 47 .50 ii.8s 4 F 0O N/A 11.88 0.08
MAOO20 s] 72.00 14.40 5 F 0 N/A 14,40 0.07
Piezp W.B. Bedrock M.Drill/ <Structural Accident> M.Drill/ Freqg.fccid/
H Drill(m) Num W.B. Num Fract. Num Shear Num Accid. LM Drill
NUMBER 20 20.00 20.00 20.0 N/A 20.0 N/A 20.00 20.00
MIN. 2 8.80 3.50 0.0 N/A 0.0 N/A 3.30 0,04
MAX. 7 74.53 24.84 7.0 N/& 4.0 N/A 24.84 0.29
AVERAGE 3.9 45.78 12.60 3.7 N/A 0.5 N/A 11.89 0.11
STD. DEV. 1.5 19.66 5.70 1.7 N/A 1.1 N/A 5.53 0.04
{ EGEND
W.B. : Water Bearing
M, Drill t Number of meters drilled in the bedrock
MNum Fract., t Number of fractures intercepted in the bedrock
Num Shear : Number of shear zones intercepted in the bedrock
Num Accid, : Number of accidents (fractures + shear zones)
F : Fractures
S : Shear zones
N/A : Non applicable

From table #3, a graph indicating the appearance freguency (AF) of the
structural accidents per linear meter (column: “FREQ.ACCID./LM DRILL") as a
function of depth {DEFTH) drilled in the bedrock {(column: "BEDROCK DRILL (m)'")
was developed (see figure #2 on the next page). The data points were not
connected and the best fit curve (formula type: Y=aX") was plotted with
GRAPHER software., This curve is described by the following equation:

AF = 1.01915 % DEPTHOHZ!
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: This eqguation indicates that the appearance fregquency (AF) of the
i structural accidents diminishes with i1ncreasing depth into the bedrock. Below
a certain depth, 1t could no longer be worth drilling for water. This
threshold depth must be defined by each drilling contractor.

The curve also indicates the fractures of erosive origin (see section
2.3) in the first 30 meters drilled in the bedrock.

[}
L 0.30
| - e
". 1
i O.25
é VARIATION OF NUMBER OF STRUCTURAL
: = - ACCIDENTS FPER LINEAR METER VERSUS
*-...,_02 THE DEPTH DRILLED INTO THE ROCK
.2
§ Y = 1.01815 « (X —0.6842231)
i =
= .15
E E%
; 7
" .10
&
&
= 0.05
—_— -
=
Q.00 ¥~ 7T 7 T rrr T 1T 7T 7T T 1 1T T T T T T T T T
0.00 =20.00 40.00 50.00 80.Q0
DEPTH DRILLED INTO THE ROCK (M)

Figure 2 Number of structural accidents per linear meter as a
function of depth in the bedrock

This graphic does not teke into account the specific structures of the
different geological formations traversed by the piezometers of the OMVS
network. All the geological formations are considered here to be homogenous
and uniformly fractured, which isc evidently not the case.

In order to determine the specific structure of each geological
; formation drilled, an analysis of the number of accidents per geological
- formation associated with the linear meters drilled in the bedrock related to
i each geological formation was performed. Table #6 lists the results obtained.
: A code number is attributed to each geclogical formation (1 to 14) which will
i be used 1in later graphics (figures 2 and 3}, The fracture rate specific to
L each geological formation was obtained by dividing the linear meters drilled

in the bedrock related to each formetion, by the number of carresponding
structural accidents.



Table #4: Linear aeters drilled and fracture rate per geclogical foraation

Jrmrmemne e —— Beological Forsationg-=====s=eommrecnrrrrrecrmrener oo > total Ln
PIEI0 3 1 2 3 4 3 b 7 8 9 1o it 12 13 iddrilled
NAOOD | - - - - - - = 1.5 7.5 - - - - - B8.80
MAOOo 2 - - - - - - - 33 2.7% 1.8 7 - - - 8.7
RAOOO 3 - - - - - - - 22,30 13,20 = 708 - - - 427
KAOOD 4 - - - - - - 22.85 31.48 - - - - - - 4.5
MAGOO 5 0.80 - 42,9 - LA - - - - - - - - - 48.10
NADOO 6 - 55,93 - - - - - - - - - - - - 8593
NAGOD 7 - 30,38 - - - - - - - - - - - - 30,38
RaQO0 B - 60,00 - - - - - - - - - - - = b0,00
HAQOQ 9 - - - - - - - - .00 - 12,00 - - - 36.00
MAQO 10 - - - - - - 4.480 28,20 14,80 - - - - - 4760
mAOG 1. - - - - - - 12,55 25.90 17.10 - 18,00 - - - 73.535
Ha0O 12 - - - - - ~ 16.00 16.23 - - - - - - 3.2
HAGO 13 - - - - - - 18.B6 - - - - - - - 18.8h
NAGO 14 - - - - - - 19.00 53.48 - - - - - - 7.8
NAGG 15 - - - - - - 25,25 - - - - - - - 23.2%
N&0O 18 - - - - - - - - - - - - 500 8.9 MO
HAOD 17 - - - - - - - - 5.62 - 30.43 - - - 36,03
MAOO 18 - - - - - - - 45,80 - .00 - - - - 52.80
NAGO 19 - - - - - - - 47,30 - - - - - - 47.50
NAGO 20 - - - - - - = 37,30 -~ 8,70 &.00 - - - 12.00

total La/Fn 0.8 176.2 42.9 0 4.4 0 117.1 357.2 104.0 19.56 79.25 § 5.05 B.95 915,54
tot.ab drill% 0,09 19.26 4.49 0.00 0,48 0.00 12.79 39.02 11,36 Z.14 B.66 ©.00 0,55 0.98 100,00
nua fract./Fs 1 13 4 0 2 0 11 22 10 0 16 0 0 4 83

fract. rate/Fa 1,25 0.07 0.09 N/A 0.45 N/& 0.09 0.0 0.10 0.00 0.20 N/ .00 0.45 0.09

Codes 1 to 14 in table #6 are listed in table #7 below. The reader will
find, in annex #1, a complete and detailed description of the geclogic codes
used. These codes are related to the codification developed by Groupement de
Manantali (see section 2.3.2). Some supplementary codes were added to
accommodate the more specific analysis done by DNHE (codes 1, 5, 10, 13, 14).
Table #7 associates with each code (1 to 14), a percentage which reflects the
number of structural accidents related to that formation with respect to all
the structural accidents (83).

Table #7: Distribution of structural accidents per geologic formation

GEOL .FM, CODE # NUMBER %
ACCIDENTS ACCIDENTS

UC-SHALE 1 1 1.20%
UC-SANDSTONE C v 13 15.66%
UC_SANDSTONE B 3 4 4.,82%
UC-SANDSTONE A 4 o) 0.00%
UC—INDIF. 5 2 2.41%
LC-CLAYSTONE & o 0.00%
{ C-SANDSTONE O 7 i1 13.25%
LC-SANDSTONE 1A 8 22 26.51%
{C-PELITE 1B 9 10 12.05%
LC-1A/1B 10 ) 0.00%
LC-SANDSTONE 2 11 16 19,2687
LC-SHALE 3 12 0 0. 00%
LC-INDIF. 13 0 0.00%
{ C-DOLERITE 14 3 4,827
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Figures #3 and #4 indicate the respective distributions per geological

formation of:

¥ linear meters drilled,
¥ fracture rate

% OF THE TOTAL DRILLED HOLES METRAGE

FRACTION OF TOTAL METRAGE/GEOLOGICAL FM

SUARDUND | NGS OF THE MANANTAL | DAM

NN

AN

A

T !
-] 10 11 12 13 |

T T T T
3 “ 3 -]

NN
2 AR RN

S AN

CODEE OF THE GBILOGICAL FORMAT | OHE

Figure 3 Percentage linear meters drilled per geological
formation

From figure #3 we see that:

X the linear meters drilled through the geological formations coded
(1=UC-S0CH., S5=UC-INDIF., 10=LC-1A/1B, 13=LC-INDIF., and 14=tC-DOLER.)
are not representative of all the coded geological formations. These

formations ce--=<pond to supplementary codes added by  the project and
are not significant in the area of the dam.

¥ the geological formations coded (4=UC-SANDSTONE A, &=C1-ARGIL. and
12=1C-50H. 3) were not drilled.

¥ the Lower Complex (codes 6 to 14) was drilled through much more than
the Upper Complex (cpdes 1 o D). : h

Consequently, the fracture rates related to the geological formations

which were drilleg little, or mot at all, will mot be compared (see figure #3)
though the rates  are indicated in table’#é. It would sggm that thégé"rates
are over—-estimated. A comment about the dolerite formation (code 14) in the

Lowet
zones
other
table

Complex is in order. This rock is intrusive and has filled the shear

and fractures. Its nature and relative hardness with respect to the
formations of sedimentary origin meke the fracture rate indicated in
#45 probable.

-

. J'-_;i
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Figure 4 Fracture rate per geoclogical formation

We see from figure #4 that:

¥ Sandstone 2 of the Lower Complex (code 11) has the highest fracture
rate (0.20 structural accidents/linear meter) reflecting the quartzic
nature of this sandstone (highly brittle) compared to the other
geological formations (feldspathic sandstone, pelite and shale),

¥ the fracture rates of the other Upper and/or Lower Complex formations
are comparable (between 0.04 and 0.1 structural accidents/linear meter),

¥ Sandstone 1A of the Lower Complex (code 8) has the lowest fracture
rate (0.06 structural accidents/linear meter).
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4 HYDROGEOLOGICAL DESCRIPTION

In an effort to establish the hydrogeological properties of the
aquifers, the project determined hydraulic conductivity coefficients for all
the piezometers constructed in the study zone (unconsolidated sedimentary
terrain in the Senegal River valley and consolidated, fractured, sedimentary
terrain in the Upper Basin of the Senegal River valley). Three methods were
used to determine the hydraulic conductivity of the terrains:

¥ granulometric analysis
¥ hydraulic conductivity tests
¥ pumping tests

In  the Manantali Dam region, the granulometric estimation of hydraulic
conductivity is without interest. The KBl and KBZ values in the GES table #3
are marked N/R (not realized).

4,1 Hydraulic conductivity tests - dropping level method (KK values in table)

ch:rslev13 (1951) developed a theory for the interpretation of bydraulic
conductivity tests with the dropping level method (slug test), which were
systematically wsed by the project for the entire O'VS network covering the
study zone (Senegal River Valley and Upper Basin).

This method was adapted for normalized application in  unconsolidated
terrain by the "SOCIETE D ENERGIE LA BAIE JAYES". The field procedures, as
defined in the inspector’'s manual®’, were adopted by the project. Al though
this test is not usually used i1in fractured bedrock, the project made the
experiment.

The application of this method is not related to the geometry of the
tapped aquifer. It may not be used in plastic clays (there are none in the
surroundings of Manantali Dam} and it takes into consideration the geometry of
the piezometer intake.

This method 1s applicable for transmissivity wvalues less  than 10‘3
w /eec.  When transmissivity values are close to or greater than this limit,
the water level drops rapidly {(often instantaneously) and in  practice is un—
measurable. In this case, only a pumping test can be used to determine
hydraulic conductivity.

The plot of the test date (t-log (lambda)) MST make a straight line for
proper interpretation of the result. Otherwise, interpretation is not
possible.

In practice, the increase in the hydraulic charge would, ideally, be
instantaneous. In reality, the field procedures and the sometimes large
transmissivities rarely permit an instantaneous filling. The following
difficulties are often encountered:

¥ a filling time (t) wvarying from several seconds to many minutes,
and even, sometimes, the iImpossibility of filling the PVC tube,

¥ an inadeguate method of filling the PVC tube, (pressurized
injection of water).

3 Ret.: Freeze, 1979, p.339.

W gef.: sEBI, 1978.
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These problems cause a deformation of the plot of t—vs-log(lambda) about
an inflection point situated generally at t = L1, or more rarely, at t = 2
minutes. The air bubbles injected into the PVYC tube during the filling
necessary for the conductivity test, rise to the surface in a time t < 1
minute. This phenomenon creates an  artificial drop in the water level which
is not strictly related to the hydraulic parameters i1ntrinsic to the tested
aquifer. In this case, the test interpretation is made on the straight-line
part of the t - vs — log(lambda) curve, after the inflection point.

The test Interpretation is, in this case, & purely ogualitative
estimation of the hydraullc conductivity value (approximation).

The reader will find, in the GES tables, the codes:

¥ N/D : not determined (mon—linear plot)
¥ N/R :_pot realizable {(not doable)
¥ >1.0E” cm/sec (water level drop too rapid)

The consultation of all the conductivity tests performed (raw data and
interpretation) is possible with the BGES system. It is good, at this point,
to underline the importance of the hydrogeclogist’s judgement in evaluating
the intrinsic value of the field test.

The hydraulic conductivity values thus obtained must be used with
caution since we know that values resulting from the such tests are only valid
for the immediate area around the piezometer intake (radius of a few meters at
most) .

4.2 Pumping tests

As part of the effort to establish the hydrogeological characteristics
of the formations tapped by the OMVWS piezometers, ? long duration  pumping
tests (varying from 24 hours to 72.3 bhours) were performed without short
duration tests

Interpretation of the test data was made according to the Jacob method
by Mr. TOURE, chief of the Mamantali Sector, even though the tests were made
in fractured, consolidated, thus non—homogeneous formations.

The average transmissivity values (T descending + T ascending) and
coefficients of storage (5) interpreted from these pumping tests are shown in
table #8 on the next page. This table also lists the lithostratigraphic
formation at the level of the piezometer intake and indicates whether it is
part of the Upper or Lower Complex (see section 2.3.1).

The hydraulic conductivity value {(KQ) was calculated with the following
formala:

KQ = T/E 7

T = transmissivity (m*/s)

E = well screen length (m)

KO = hydraulic conductivity (m/s)

This hydraulic conductivity walue (K@) was compared to its counterpart
calculated from the hydraulic conductivity test (KK).
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Table #8: Results interpreted from pumping tests made in the area near
Manantali Dam, Mali.

~---wel] screen--- === Hydrodynasic Paraseters----
PIEIC base  top intake 5 avy. g X ki strat. cosplex
] depth depth m & /sec disensionless ce/sec  ca/sec intake UC or LC

MAOGOE  13.9%0 9.32
RAOOD2 43,60 36.22
MAGOOI 45,93 AL.lb
MACO04  28.84 24.49
MAOGOS  43.54 40.99
MAGDOS  63.90 358.97
MAQO07  50.60 45,00

0f N\ MR 2.90E-03 N\R  PELITEIF LE
88 3.40E-03 7.00E-04 2i.0E-3 4.61E-02 SANDSTONE 2 LC
04 3.00E-03 9,50E-04 1.80E-07 &,29E-02 SANDSTONE 2 LC
b1 J.00E-03  N/D }1.0E-3 6,90E-02 SANDSTONE 0 LC
0l N\R N\R .OE-3  NAR  SANDSTONE B UC
01 N\R N\R  3.00E-03  N\R  SANDSTONE € UC
01 MR MR J1.0E-3  NVR SANDSTONE £ UE
NAOOOB  54.40 48.9% 00 MR N\R J1,0E-3  N\R GANDSTONE C UC
MACO®T 33.60 26.00 5.88
04
88
4
0
B
0
0

3
3
I
2,
3
3
3
3.
5
NACI0 90,37 45.9 i.
3
¢,
5
I
3
3.

r
»

»

6.70E-0F 1.20E-05 1.0£-3 8.76E-02 SANDSTONE 2 LC
2.00£-03  7.00E-07 5.10E-04 4,34E-02 SANDSTONE 2 LC
NAQOLL 67,32 99.%%
HAGOIZ  40.44 V.96 2.
¥A00IY 25,00 20.79
#a0014 78,74 71.12
MAOOLS  22.00 17.49

N\R N\R  B.40E-04  N\R  SANBSTONE 2 LC
JOE-04: 1,00E~0D 2.20E-04 6.03E-0F SANDSTONE 1A LC

0 N ' N\R $.0E-3  N\R  SANDSTONE ¢ LC
B B,10E-04, 3,20E-04 1,50E-03 1.06E-02 SANDSTONE 1A LC
I NWR . N\R Z,30E-03  N\R  SANDSTONE ¢ LC

¥AOO1S 16,36 12,13 1 MR - MR 2,706-03  N\R  DOLERITE LC
MAGGLT  80.90 34,34 01 4,90E-04.  N/D M.OE-3 1.07E-02 SANDSTONE 2 LC
NAOOIE 58,28 53.99 3.00 NWR f R 21,0E-3  NAR SANDSTONE 1A LC
MAOOLY 32,27 27.99 1.0 NWR N\R 5.20E-04  N\R  GANDSTONE 1A LC
¥A0020 72,00 &7.49 0,00 3.30E-04  N/D  J.10E-03 7.32E-03 SANDSTORE 2 LC

The (K3) h&draullc %Dnduct1v1ty values wvary from 10° to 162 em/sec and
the (KK) from 107 to > 10" cm/sec. The wvalues are coqparable with those used
by Groupement de Manantali for the dam site, 4%10°Y cm/sec (accorqgng tc
professor Hettfeld) and 5%10" cm/sec (according to the Lugeon tests)
methods used by the Groupement were different from those used by the prOJect
These hydraulic léFcnductivity values are characteristic of metamorphic
rock and/or sandstone™. The hydraulic conductivity wvalues measured do not
permit 3 hydraulic classification of the geologic formations (column  strat.
intake") tested.

4.3 Hydraulic productivity per geologic formation

Table #9 on the next page 1lists the total air 1ift discharge per
piezometer per geclogical formation traversed ?nd the total measured air lift
discharge from each of these formations (m°/h). The specific hydraulic
productivity of each formation is calculated by dividing the total air 1lift
discharge from the formation by the number of inventoried fractures in  the
formation. From table #9 we note that certain formations (1=UC-SHALE, 5=UC-
INDIF. and 13=LC-INDIF.), altbough fractured, have zero productivity (dry
fractures).

Figure #5 indicates the distribution of productivity per formation.
This figure shows that the Upper Complex formations are 2 to 3 times more
productive than the Lower Complex formations and that sandstone B is by far
the most productive. The Upper Complex formations constitute the walls of the
Manantali Dam Reservolr.

15 See section 2.5 of this report.

b pet. Freeze, 1979, p. 29.



Table #F: Discharge (air

1ift) per gecloaical formation

FIEID & 1 ? 3 4 3 b 7 ] 9 10 11 127 13 40 (#3/1)
NAGDD L - - - - - - - - B.0 - - - - - g.0
MADOG 2 - - - - - - - - 2.4 - - - - 1B.t
waQoo 3 - - - - - - - - Lo - L - - - b.6
KACOD 4 - - - - - - 7.0 - - - - - - = 2.0
MAOGD 5 - - 87.% - - - - - - - - - - - 87.%
KAOOO g - 25,8 - - - - - - - - - - - - 5.4
HA0D0 - 45,4 - - - - - - - - - - - - bk
MA000 B - 2.5 - - - - - - - - - - - - §3.%
naoos 9 - - - - - - - - 42,1 - - - - - #2,}
BAGO 10 - - - - - - - 4,2 10,8 - 21.8 - - - 38.¢
KaoG 11 - - - - - - - - 13.0 - 18,2 - - - 9.2
%00 12 - - - - - - 16,6 57.4 - - - - - - M2
HAGD 13 - - - - - - 1%.8 - - - - - - - 19.8
NAOD 14 - - - - - - 12.7 - - - - - - - 12,7
BAOO 13 - - - - - = 4.1 - - - - - - - 4.1
MADD 16 - - - - - - - - - - - - 3.9 - 3.5
NAGD 17 - - - - - - - - - - 5.2 - - - 3.2
MAOD 1B - - - - - - - 84,0 - - - - - - 4,0
H:OO ég - - - - - - - 2B.% - - - - - - 28.9
NAGO - - - - - - - 1.5 - - 20,4 - - - 21.b
TOTAL @ (w3/n) 0.0 164.5 #€7.5 0.0 0,0 0.0 B0,2 158.2 79.4 0,0 110.9 0.0 3.9 0.0 704.5
NUM. FRACT./FNM i 13 L) Q 2 0 11 2z 10 0 16 ¢ 0 4 83
A {(a3/h)/FRACT 0.0 14,2 21.9 N/A 00 N2 7.3 7.2 7.9 N/A 6.9 NAONAR0,0 g.5
HYDRAULIC PROQDUCTIVITY/ GEOLOGICAL M
SURBOUMND INGS OF THE MANANTL | DAM
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Figure D Hydraulic productivity per geclogical formation



4.4 Groundwater chemistry

After completion of the OMVS piezometer network, the DNHE, in February
of 1989, took 20 groundwater samples {one per piezometer). These samples were
analyzed to determine the contents of the major elements (anioms and cations)
in the DNHE laboratory in Bamako, Mali.

All the results  (values in ppm and epm, calculated S5.A.R. and the
graphic reprezsentation of the analysis) are included in annex #3 of this
reporit.

Table #10 sumwmarizes the principal chemical charscteristics of the
samples (total dissolved s=sglids — TDS, the sodium adsorption ratio — SAR, and
the gechydrochemical facies). The results of the analysis are compared with
the geclogical formations at the piezometer intake level and the distance of
the piezometer from the nearest watercourse. In this table, the piezometers
are classified according to the chrono—stratigraphic scale for the environs of
Manantali Dam.

Table #10: Gechydrochemical facies, TDS and SAR per piezometer

Piezo Date ag/l Intake Complex Distance Intake
| Sampled Solids G5.A.R.Bechydrochemical Facies Strat. UC or LC BAFING & 4ASL
KAGOOR O4-Feb-B89 36,0 0.1 CALCIUN-NAGNES. BICARBONATE SANDSTONE € ut 14,75 204.06
MADOO7 04-Feb-899  315.0 0.1 CALCIUM-MAGNES, BICARBONATE SANDSTONE L ic i1.40 203,99
NAOOOL 04-Feb-89 61,0 0.0 CALCIUM-MAGNES. BICARBONATE SANDSTONE C uc 10,50 19474
WAOO0S 05-Feb-BY  772,0 0.2 (CAkMB) SULFATE & BICARBONATE  SANDSTONE B LC 5.00 243.07
BAOG04 Ob-Feb-89 1770.0 0. CALCIUN- MABNES. CHLORIDE SANDSTONE © ic .75 131,78
MAOOLS O4-Feb-8Y 211.0 0.2 CALCIUM SULFATE SANDSTONE 0 LC 0.2% 13617
WAQOLS O5-Feb-B9  323.0 0.3 CALCIUM-MAGMES. BICARBONATE BANDSTONE © LC 1,50 130,37
NAO019 04-Feb-BY 1903,0 1.7 HYPER CALC-MABNES CHLORIDE SANDSTONE 1A LC 0.55 126.7h
HAGO12 04-Feb-BY 9488,0 0.0 HYPER CALC-MAGNES CHLORIDE SANDSTONE tA LC 0.25 120.8%
NAO018 Ob-Feh-89 306,0 0.1 CALCIUM-MAGNES, BICARBONATE SANDSTONE 1A LC 0.79  103.97
MAOO14 0&-Feb-8%  276.0 0.2 CALCIUM BICARBONATE SANDSTONE 1A LC 0.40  B2.44
HAOGDL O&-Feb-BY 2100.0 0.3 CALCIUM-MAGNES CHLORIBE PELITE 1B LC 0.63  147.25
XA0002 O04-Feb-89 2190.0 0.2 CALCIUM-MAGNES CHLOREDE EANDSTONE 2 L 0.5 117,34
NADOZ20 Oh-Feb-B 3503,0 0.0 CALCIUM-NABNES CHLORIDE SANDETONE 2 Lc 0.15 87.17
HA0OLT (5-Feb-8% 1366.0 0.2 HYPER CALCIUM-NAGNES SULFATE SANDBTONE 2 LC 0.7% 92,27
NAOO10 Ob-Feb-BY  J43.0 0.1 CALCIUN-MAGNES. BICARBONATE SANDSTONE 2 LC 0.40 111.66
MACQOT O04-Feb-89  400.0 0.1 CALCIUM-MABNES. BICARBONATE SANDSTONE 2 LC 0,20  11h.22
NAQOO? Ob-Feb-89  764,0 0.1 (CAUMG) CHLORIDE & BICARBONATE  SANDSTONE 2 LL 0.40  127.4%
MAOO11 0&-Feb-89  317.0 0.1 CALCIUM-MABNES, BICARBOMATE SANDSTONE 2 Lc 0.15 96,04
MAOGL6 (05-Feb-B9  281.0 0.1 CALCIUM BICARBONATE DOLERITE LC ¢.7% 1131.%9

There are three geohydrochemical facies of this groundwater:

¥ calcium and magnesium bicarbonates (10/20),
¥ calcium and magnesium chlorides (8/20),
¥ calcium sulfates and bicarbonates (2/20).

These wvaried gephydrochemical facies misrepresent the relatively
tomogenous, sometimes metamorphic, lithostratigraphic nature of these Bakoye
Group formations (quartziferous and feldspathic sandstones and shales).
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A classification of the groundwater based on tal Dissolved Solids

content (mg/1l), using the classification limits below’ gives the following
results.

number of samples

limits class surface groundwater
O < TDS < 1,000 fresh - 13/20
1,000 < TDS < 10,000 brackish - 7/20
10,000 < 7DS < 100,000 szline - 0/20
100,000 < TDS brime - Qr20

This classification indicates the existence of fresh and brackish water.

A classification of the groundwater ba on S.A.R. (Sodium Adsorption

Ratio}, using the classification limits bel gives the following results.
class number of samples/per class
code limits surface groundwater
S1 O < 5AR < 10 - 20/20
s2 10 < SAR < 18 - O/20
S3 1B < 5AR < 26 - Q/20
S4 SAR > 26 - 0/20

This classification indicates that all the analvzed water is in class
St. The range of measured S.A.R values varied from 0 to 0,7. These S.A.R.
values, associated with measured electrical conductivity values (100 to 35000
pmhos/cm), indicate that this water can be considered '"mediocre" to
"excellent”" for irrigation.

Relationships between Total Dissolved Solids and the following
parameters were examined in the data presented in table #10:

1) the distance from the piezometers to the nearest watercourse,

2} the piezometer intake elevation,

3) the chemical composition (lithostratigraphic nature) of the tapped
formation.

No clear relationships were found.

Table #11 on the following page lists the major anion and cation
contents (mg/l) of the groundwater samples. The chloripe anions (Cl-) and the
sulfate anions (502——) which determine the gecohydrochemical facies of the
water vary a great"deal. This table classifies the piezometers by geographic
site, numbered 1 to 9. Several piezometers tapping distinct geclogical
formations may be located at the same site. We note that for some sites where
several piezometers are located, each tapping a different geological
formation, many chemical facies are identified. This reflects the wvertical
compartmentalization of the groundwater. The gechydrochemical facies can even
change within the same geclogical formation. Only the geographic site #4,
located upstream of the dam and tapping the Upper Complex (sandstone C) has a
homogenepus chemical facies.

7 Ref.: FREEZE, p. 84.

8 pet.; FREEZE, p. B4.



In consequence of these phenomena we must assume  the exictence aof
several juxtaposed or superposed fracture networks, vertically and
horizontally non—communicating.

Table #11 : Results of the chemical analysis from the DNHE laboratory

PIEI0 DATE
L] SANFLED  HWOACOZ [A++ MG+~ NA+ ¥+ [l- SD4-- MCDI-- CO3- SOLIDS GEOHYDROCHEMICAL FACIES BITE
K/l w/l w1 o/l owil sl o w ol owil gl

BROCC. Ob-Feb~B9  207.0 172.¢ 72,0 21.¢ 11.0 B25.0 218.¢ 264.0 0.0 2100.0 CALCILM-MAGNES CHLORIDE 1

7 0b-Feb-89  Z23.0 200.0 &3.0 10,0 12,0 890.0 243.0 2710 0.0 2190.0 CALCIUM-NAGNES CHLORIDE 1
M000T Ob-Feb-BY 2810 4.0 45,0 5.0 5.0 160 17.0 33,0 0.0 400,0 CALCIUM-MAGNES. BICARBONATE 1
R0004 Ob-Feb-B9  192.0 226,0 1170 5.0 4.0 745.0 183.0 235.0 0.0 1770,0 CALCIUN-MAGNES CHLORIDE 2
W0005 05-Feb-89 21,0 103.0 20.0 10.0 4.0 48,0 325.,0 257.0 0.0 77Z.0 (CAMMG) SILFATE & BICARBONATE 3
MOO0b O4-Feb-89 0.0 B0 9.0 0.0 2.0 0.0 0.0 49.0 0.0 &L.0 CALCIIM-WGNES, BICARBONATE 4
MA007 O4-Feb-8? 2040 90,0 27,0 2.0 40 0.0 7,0297.0 0.0 3150 CALCILM-MAGNES. BICARBONATE 4
M008B O4-Feb-87 2170 M40 25,0 5.0 2.0 1.0 27.0 TR0 0.0 346.0 CALCIUM-MGNES, BICARBONATE ]
#0009 Ob-Feb89 2400 §7.0 560 5.0 A0 2000 3.0 2940 0.0 74,0 (CAWMG) CMLORIDE & BICARBONATE 3
MO0I0 O6-Feb-89 259.0 4.0 9.0 2.0 3.0 40 12,0 317.0 0.0 43,0 CALCIUM-MAGNES, BICARBONATE 3
0011 Ob-Feb-B9 2460 5.0 240 5.0 3.0 4.0 1103000 0.0 317,0 CALCIUM-MAGNES. BICARBONATE 5
MAO0I2 Ob-Feb-B9  130.0 439.0 337.0 2.0 36,0 3950.0 800.0 182.0 0.0 9488.0 HYPER CALL.-AGNES. CHLORIDE b
W01 Oh-FebB89 740 47,0 50 50 20 9.0 27.0 0.0 0.0 21,0 CALCIUM SILFATE b
MO0LA Gb-Feb-89 1900 400 N0 B0 3.0 40 2602320 0.0 274.0 CALCIUM BICARBONATE b
MO0LS O5-Feb-89  290.0 47.0 20,0 100 2,0 9.0 #5.0 2320 0.0 323.0 CALCIUM-MAGNES. BICAREONATE 7
M0016 O3-Feb-87 2190 470 G0 2.0 0.0 2.0 202660 0.0 281.0 CALCIUM BICARBONATE g
MO0L7 O5-Feb-89  BB.O 1120 35.0 1000 40 2.0 280.0 107.0 0.0 1364.0 HYPER CALC,-MABNES. SULFATE 8
MAO0IR O6-Feb-89 1700 35,0 290 2.0 LO 190 M0 2090 0.0 306.0 CALCIUN-WAGNES. BICARBONATE ¥
W0019 Ob-Feb-B? 1420 17,0 47,0 100.0 4.0 765.0 380.0 i72.0 0.0 1905.0 HYPER CALC.-MAGNES. CHLORIDE 9
WO020 06-Feb-89 2240 206.0 89.0 3.0 15.0 1500.0 8.0 272,0 0.0 3503.0 CALCILM-WAGNES. CHLORIDE g

The water’'s hardness (CaCch = mg/l) is a natural characteristiéq related
to leaching of the +terrains "through which the water has drained and
corresponds to the water’'s calcium and magnesium content. The measured
hardness values are high and suggest the presence of calcareous and dolomitic
rocks, rather than the chemical composition of the rocks constituting the
Bakoye Group (sandstones and shales). Only the Nioro Group (see section 2.3.1
of this report) contains calcareous dolomites but the formations of this Group
appear at the surface approximately 50 or &0 km to the NLE. of Manantali Dam.
All the analyzed samples were classified as "moderately hard’, with a hardness
value > 75 mg/l of CaCoy -

The concentrations of sulfate ions in the analyzed water was quite
variable. The values are sometimes high, exceeding 300 mgs/l, which suggests
the presence of gypsum or time in contact with the surrounding rock. Sulfate
concentrations greater than 300 mg/1 can cause erpsion of concrete and the
corrosion of 1rap Concentrations greater than 480 mg/l1 make the water unfit
for agriculture®,

¥ Rodier, 1984, p. 1020.

2 podier, 1984, p. 1094.



23
Table #12: Electrical conductivity and pH values: June and September 1989

PIEZD  CO_06/8Y CO_0%9/85 pH_06/8% pH_09/89

# ys/cm pS/cm
MAOOOL 1830 620 7.5 6.4
MEOOO2 24800 1210 7.5 &.5
MAOOO3 600 174 7.4 2.7
MAOOO4 1850 =00 7.6 7.0
MACOOS 1000 n/m 7.3 n/m
MAOOOS S 70 &.7 5.9
MEOOO7 415 400 &.8 7.2
MACOO8 450 470 7.0 8.0
MAaO0OS 1300 1600 7.2 7.1
MACC10 450 {40C 7.7 7.0
MAOO11] 430 B8O 7.3 &.9
MAOC12 2600 2100 7.9 7.3
MAOOL3 350 195 7.0 &.5
MAOO14 240 290 6.3 &.7
MAOOL5 520 n/m 7.7 n/m
MAOQO1E 400 n/m 8.2 n/m
MAOO17 1820 n/m 6.2 n/m
MAOO1B 205 115 6.2 &.5
MAOOLY 2700 2580 7.0 7.0
MACQ20 S000 4500 7.3 7.0
Number- 20 16 20 16
Min a5 70 6.2 5.5
v Max S000 4500 8.2 8.0
Average 1235 PEC 7.2 &.7
Std. Dev. 1203 1194 0.5 Q.6

The average electrical conductivity of the groundwater varies from 1235
pS/cm (dry ,season) to 960 pS/om (rainy season). These waters are highly
mineralizedﬁ. The origin, in the Bakoye Group (siliceocus and feldspathic
sandstones, shales), is probably to be found in the chemical alteration of the
feldspathic portion of the aquifer.

The measured decrease in average electrical conductivity (260 pS/cm)
after the rainy season indicates an effective recharge of the fracture network
by the infiltratior of rainwater, weakly mineralized.

The average pH of the groundwater varies from 7.2 (dry season) to 6.7
(rainy season}. These average values are characteristics of siliceous rock.
The change from a slightly basic water at the end of the dry season to a
slightly acid water after the rainy season suggests a recharge of the fracture
network by runoff water slightly acidified by organic matter.

A pogier, 1984, p. 1015.
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Tables #13 and #14 compare the groundwater concentrations of chlorine

(Cl-) and nitrate (NO,—) anions for two different sampling dates. For
nitrates, the American standard for drinking water is Nt::3 < 45 mg/l.

Table #13: Concentrations of Chlorine {mg/l) February and July 1982

PIEZIO Sampling Dete Strat. Complex Site Location Water— Distance
# Feb—8% Jul-89 Intake uc Lc # from Dam course km
MAOOO 1 825.0 244.0 PELITE iR LC 1 BEL O RB - B&FING 0.65
MACO02 850.0 232.0 SANDSTONE 2 LU i BEL (W RB BAFING G.50
MAOODO3 16.0 352.0 SANDSTONE 2 LC 1 BEL O RB BAFING 0.20
MAOOO4 745,0 236.0 SANDSTONE O LC 2 BELOW LB BAFING 0.75
MAOOOS 48.0  Z2Z22.Q0 SANDSTONE B UC 3 BELDW LB BAFING 5.00
MAOOOE 0.0 168.0 SANDSTONE C UC 4  ABOVE REB BAFING 10.30
MACOO7 ~ 0.0 160.0 SANDSTONE C LC 4  ABOVE RB BAFING 11,40
MAOOOB 1.0 376.0 SANDSTONE © LC 4  ABOVE REB BAFING 11.75
MADCOS 215.0 224.0 SANDSTONE 2 LC S  BELOW RB BAFING 0.40
MAOO10 4.0 400.0 SANDSTONE 2 LC 9 BELOW RE BAFING 0.40
MAOO11 4.0 272.0 SANDSTONE 2 LC S BELOW RB BAFING 0,15
MROO012 3950.0 580.0 SANDSTONE 1A LC & BELOW LB BAFING 0.25
MA0013 .0 320.0 SANDSTONE O LC & BELOW 1B BAFING 0.25
MAOO14 4.0 144,00 SANDSTONE 1A LC 6 BELOW t.B  BAFING 0.40
MACOLS 2.0 222.0 SANDSTONE O LC 7  BELOW LB BAFING 1.50
MACC1SE 2.0 280.0 DOLERITE LC g8 BELOW LB BAFING 0.73
MAOOL7 2.0 3B0.0 S5ANDSTONE Z LC 8 BELOW LB BAFING 0.75
MACO18 19.0 78.0 SANDSTONE 1 LC Y  BELOW RB BAFING .73
MAOCLS 785.0 2.0 SANDSTONE 1A LC 2 BELOW RB BAFING 0,55
MACOZ0 1500.0 484.0 SANDSTONE 2 LC ¢ BELOW RB BAFING 0.135

Table #14: Concentrations of Nitrate (NO3—mg/1) February and July 198%9

FIEZO Sampling Date  Strat. Complex Site Location Water— Distance

# Feb—8% Jul-89 Intake uc_LC # from Dam course km
MAOO0O1 0.2 1.3 PELITE 1B LC 1 BELOW RB BAFING  0.&5
MAOOOZ2 0.0 0.2 SANDSTONE 2 LC 1 BELOW RB BAFING 0.50
MADOC3 0.8 0.9 SANDSTONE 2 LC 1 BELOW RE BAFING 0.20
MAao004 0.1 0.9 SANDSTONE O LC 2 BELOW LB BAFING 0.75
MAOOCS 0.2 0.4 SANDSTONE B UC 3  BELOW LB BAFING 5.00
MACOOS 0.4 4.4 SANDSTONE C LC 4  ABOVE RB BAFING 10,50
MAOOO7 G.0 0.4 SANDSTONE C  UC 4  ABOVE RB BAFING 11.40
MAOOOE G.1 0.4 SANDSTONE C UC 4  ABOVE RB BAFING 11.75
MAOO0Y 0.1 0.9 SANDSTONE 2 LC S BELDW RE BA&FING 0.40
MAOO10 0.0 Q.4 SANDSTONE 2 LT 5  BELOW RB BAFING 0.40
MACOLL 0.1 4.4 SANDSTONE 2 LC 5 BELOW RB BAFING 0,15
MAOOLZ2 0.2 0.% SANDSTONE 1A LC &  BELOW LB BAFING 0,25
MA0013 0.0 4.4 SANDSTONE O LC & BELOW LB BAFING 0.25
MAOO014 0.1 0.0 SANDSTODNE 1A LC & BELOW LB BAFING 0.40
MACOL1D 0.8 0.0 SANDSTONE O LC 7  BELOW LB BAFING 1.90
MAOO16 0.1 0.4 DOLERITE LC 8  BELOW LB BAFING 0.75
MAOOL7 0.4 0.0 SANDSTOMNE 2 LC 8  BELOW LB BAFING 0.75
MAOO18 0.1 Q.4 SANDSTONE 1A LC %  BELOW RB BAFING 0.795
MAOOL? 0.2 0.7 SANDSTONE 1A LC 9  BELOW RB BAFING 0.55
MAOOZ20 0.1 4.4 SANDSTONE 2 LC S  BeLOW RB BAFING 0.15
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Tables #1595 and #1é6 indicate the concentrations of iron  (Fe++) and
Turbidity values. The American standards for drinking water are: Iron < 0.3
m3/]1 and turbidity (less than D J.T7.U). The measured turbidities are quite
high and indicate an effective recharge of the fracture network by surface
water.

Table #15: February 1989 — Iron concentration {(Fe++)}

PIEZO Fe++ Strat. Complex Site Location Water-— Dist.
# ma/ 1 Intake uc LC # from Dam Bank course ki
MAOOO1 0.0 PELITE 1B LC 1 BEL OW RB BAFING 0.65
MAOQO2 0.0 SANDSTONE 2 LC 1 BELOW RB BAFING 0.50
MAOOO3 0.1 SANDSTONE 2 LC 1 BELOW RE BAFING ©0.20
MAOOO4S 0.6 SANDSTONE O Lc 2  BELOW LB BAFING ©.75
MA0OOS 2.2 SANDSTONE B uc 3 BELOW LB BAFING 5.00
MAOOOH 0.1 SANDSTONE C uc 4  ABOVE RB BAFING 10.90
MAOO07 0.1 SANDSTRNE C uc 4  ABOVE RB BAFING 11.40
MAOOCE 0.1 SANDSTOMNE C uc 4  ABVE RB BAFING 11.75
MACOOS 0.0 SANDSTONE 2 LC S BELOW RB BAFING 0.40
MA0O010 0.0 SANDSTONE 2 Lc o  BELOW RB BAFING ©.40
MAOOLL 0.0 SANDSTONE 2 LC 5 BELOW RB BAFING Q.15
MAOCO1Z 0.0 SANDSTONE 1A LC & BELOW LB BAFING 0.25
MAOCL3 0.1 SANDSTONE © tC 6 BELOW LB BAFING 0.25
MAOO14 0.4 SANDSTONE 1A LC & BELOW LB BAFING 0.40
MAOO15 0.1 SANDSTOMNE O LC 7 BELOW LB BAFING 1.50
MAOO16 0.8 DOLERITE LC 8 BELOW LB BAFING 0.75
MAOOL7 1.6 SANDSTONRE 2 LC 8 BELDW LB BAFING ©0.75
MAOO18 0.0 S5ANDSTONE 1A LC T  BELOW RB BAFING 0.75
MAOOLY 0.2 SANDSTONE 1A LC 9  BELOW RE BAFING 0.55
MADOZ0 0.0 SANDSTONE 2 Lc T  BELOW RB BAFING 0.15

Table #16: February 1989 — Turbidity (Jackson Turbidity Unit — JTU)
PIEZD Turb. Strat. Complex Site Location Water— Dist.

# JTY Intake uc 1 £ # from Dam Bank course km
MA000L Z29.0 PELITE 1B tC 1 BELOW RB BAFING 0.&5
MAOOO2 5.0 SANDSTONE 2 LC 1 BELOW RB BAFING 0.20
MAOOC3 72.0 SANDSTONE 2 LC 1 BELOW RB BAFING 0.20
MaOCO4 10.0 SANDSTONE O LC 2  BELDW LB BAFING 0.75
MA0OOS5 345.0 SANDSTOMNE B LIC 3  BELOW LB BAFING 5.00
MAOOOS 11.0 SANDSTONE C LUC 4  ABOVE RE BAFING 10.50
MAOOO7 10.0 SANDSTONE C UC 4  ABOVE RB BAFING 11.40
MAOOOE 11.0 SANDSTONE C LC 4  ABOVE RB BAFING 11.75
MADOCT 38.0 SANDSTONE 2 LC 5  BELOW RE BAFING 0.40
MAOC10 2.0 SANDSTONE 2 LC S5  BELOW RB BAFING 0.40
MACO11 9.0 SANDSTONE 2 LC S  BELOW RBE BAFING 0.15
Ma0012 53.0 SANDSTORE 1A LC & BELOW LB BAFING 0.25
MAO013 22.0 SANDSTONE O LC &  BELDW LB BAFING 0.25
MAO014 16.0 SANDSTORE 1A LC 6 BELOW LB BAFING 0.40
MAO015 8.0 SANDSTONE O LC 7  BELOW LB BAFING 1.50
MEOO1s 8.0 DOLERITE LC 8 BELOW LB BAFING 0.795
MAOOL7 31.0 SANDSTONE 2 LC 8 BELOW LB BAFING ©.75
MACOLB 24.0 SANDSTONE 1A LC T  BELOW RB BAFING 0.75
MA0O1F 5Z2.0 SANDSTONE 1A LC S  BELOW RB BAFING 0.350
MACO20 12.0 SANDSTONE 2 LC g  BELOW RB BAFING 0.15



S ANNUAL FLUCTUATIONS
5.1 Manantali Dam Reservoir — Water level variations

The reservoir of Manantali Dam began to fill on July 18, 1987. Since
that date, the gradual filling has continued, under the supervision of
Groupement de Manantali, as a function of geotechnical preoccupations and the
needs of water users throughout the Senegal River wvalley. The filling will be
completed during the rainy season of 1990 when the water level in the
reservoir reaches the designed uese elevation (208 m ASL ).

The stored water creates a great hydraulic surcharge in the physical
surrodndings of Manantali Dam as it rises over a few years from 154 m ASL to
208 m ABL, for an hydraulic charge eguivalent to 594 meters of water.

Figure #& indicates the water level wvariation of the Bafing River
downstream of the dam for the year 198%.

Figure #7 indicates +the rising water level in the reservoir from July
1987 until December 1989. Annex #5 documents the volumes of water stored 1n
the Manantali Dam reservoir over time, monthly average discharges (m” /sec)
from the dam, made 3tD regularize the Senegal River discharge, the cumulative
volumes of waters(m ) stored by the dam per year, and the daily variations in
dam discharge (m"/sec).

Water level fluctuations in  the Manantali Dam reservopir are highly
related to the region’s climatic cycle: a rainy season from May to October
with maximum precipitation Ilevels in  August. Annex #46 presents, for the
period 1986 - 1989, the principal climatic parameters (Tmin, Tmax, Taverage
{celsius), relative humidity (%), wind speed (m/s), Piche evaporation (mm},
precipitation (mm), days of rain, insolation {(h/ir), potential
evapotranspiration (Penman) (mm) and evaporation (Penman) (mm)) measured at
the meteorological station at Mahina, a town located F0 km N.W, of the dam.

For the four year period 1986 - 1989: average annual pr'ecipitation22 was
814 mm over &0 days of raim, average amnual Piche evaporation was 2359 mm and
average annual insolation was 2520 hours.,

Schematically, Manantali Dam stocks precipitation runoff from July until
October, then loses 2.5 meters as evaparation in addition to the volumes
discharged to regularize the Senegal River.

Z pet, . annex #4& of this report, p.4.
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9.2 Piezometric fluctuations

The personnel of the Manantali sector periodically measure the depth of
water in the piezometers with respect to points of known elevation: the top of
the steel tube, which have been levelled. Measurements are made with a weekly
or bi-monthly frequency.

The data collected in this periodic monitoring are sent to the central
office in 5t. Louis where they are entered into the OGOES data base. The
graphic function of the GES data base permits visualization cof the piezometric
fluctuations at any site over a given time period and the comparison of these
with variations of water level in the Bafing River {upstream and/or downstream
of the dam - by choice) and daily precipitation. Characteristic graphics for
9 geographic sites have been printed {(see annex #4) for the period;: /30/88 to
O1/01/90. Depending on the geographic site in question, one ar more isopiez
Curves are shown (one, two or three piezometers) on the same graphic.

Table #17 indicates, for each of the pilezoneters located in the area
near Manantali Dam, the elevation ASL. of the piezometer’ s concrete base (which
corresponds to that of the topography arocund it), the water levels (isopiezes)
for the months of June and September 1987 and the geclogical formation. From
these basic data, the rise in water level (isopiezes September - Jume) and the
depth of the water (September) from the ground surface, were calculated.

Table #17: Rise of piezometric levels between June and September 1989

Piezp Burface Intake Ob/BY 09/8% Rise D509 Strat, Coeplex Coordinates Site Location Mater- Dist
3 afSL eAL  mASL aASL  m depth Intake UCLC  NRU-X WTU-Y & froe Dam Bank course ke
W00 161,15 151.B3  157.A3 140.0 2.43 1.07 PELITE 1B L 43.014%9.46 1 BELDN RE BAFING  0.60
MAOO2 161,08 124,92 156,36 180,05 149 109 SADSTONE 2 LC  M3.0 1459.6 | DELOW RB BFIN 0.5
MA0003 162,15 120,99 158,84 180,55 190 1.9 SANDSTONE 2 LC  343.5 1459.7 1 GBELDN RB BFING 0.20
W00 160,59 (36,10 15687 157,95 1.08 2.68 SAMDSTONE O LC 342.2 14584 7 BELOW LB BING 073
MA000S 288,61 247.62 288,22 N/A NZA N/A SANDSTORE B LC 3804 14320 3 BELDN LB BNING 500
MAOOOE 258,65 199,67 243,49 246,87 3,39 11.78 SANDSTOME € UC  3b6.5 14355 4 ABOVE RE BAFING 4,00
MAOO07 294,59 08,59 247,14 25087 173 372 SANDSTOMEC UC  3J0.1 14%8.2 4 ABDVE RE BAFING  5.00
MA00E 258,64 X5.70 247,14 250.84 370 7.62 SANDSTONEC UC  3IM.I 1484 4 ABOVE RR BAFING S0
W0007 161,44 135,04 159.52 160.76 1,24 0.39 SANDSTONE 2 LC 439 1459.6 5 BELOW RD BFING 0.40
MAO010 162,03 114,07 159,30 180,84 1,54 1,19 SANDSTONE 2 LC W39 14597 § DELOW RO BNFING 0N
WAOOLL 163,36 103,40 159.37 141,33 2,00 2,07 SAMNDSTONE 2 LC M3.9 458 5 BN RP BAFING 0.15
NA012 161,29 129,33 13706 I97.B1 0.70 348 SANDSTONE 1A LC  3M.2 14590 & BELOW (B BAIN 0.2
MW0013 161,17 140,38 15644 159,93 349 124 OSAMDSTONE 0 LC  344,5 14389 & BELON LB BAFING 0.25
MAOO14 181,18 90,06 156,46 159.93 347 1.24 SANDSTONE 1A L€ 3442 14%.9 4 DBELOK LB BAFING 040
W05 152,37 13488 M908 N/ W/R N/R GANDSTDNE 0 LC 3245 1465,0 7 BELOW LB BAFIN 1.5
M0016 129,95 117,80 122,30 NAA N/A N/ DOLERIE LL 3170 14642 8 DBELOW LB BAFING .75
WA0017 13347 S4BT 118,37 N/A O N/A O N/A GANDSTONE 2 LC 4B 14842 B BELON LB BAFING  0.7%
MAGOLB 162,25 108,26 154,34 141,15 4.B0 1,10 SANDSTOME A LC  J30.2 1485,7 9 EELOW FRR BWFIMG 075
MA0019 159,03 131,04 $55.B& 109.B1 .95 -0.78 GANDSTOME 1A LC  33B.1 1465.6 9 BELDN RB BAFING 0,55
M0OZ0 159,17 9168 155.9% N/R N/A W/R SANDSTOME 2 LC  33B.0 14554 9 BELOW RE BAFIN 0,15

All the elevations in this table are comparable with those in figures #6
and #7. From this table, and in general, we note that:

1} tbhe piezometers, drilled in the Upper Complex lithostratigraphic
series and located upstream and downstream of the dam, on both banks of
the river, tap one or more water tables of which the surface are at
elevations quite a bit higher than the water level in the reservoir,

2) all the other piezometers, drilled in the Lower Complex
lithostratigraphic series and located downstream of the dam on the right
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and left banks, tap one or more water tables of which the surfaces are
at elevations {(June "89) (118.37 to 159.52 m ASL) corresponding closely
to that of the Bafing valley floor, with depths below the ground surface
varying between —0.78 and 3.48 m.

3) the depths of the water table surfaces below the ground are " slight,
{depth from surface-DS less than 3.7 m), independent of topographic
elevation of the piezometer. The piezometric surfaces seem to be
controlled by the ground relief which suggests an effective vertical
recharge.

5.2.1 Zone #1 — MAOCL, MAOOZ and MAOCO3I - right bank of the Bafing downstream
of the dam

raphic zone #l contains 3 piezometers having intakes in Pelite 1B
(MARO0OL) and Sandstone 2 (MACOZ and MAOCO3) of the Lower Complex.

The piezometric fluctuations are comparable from one piezometer to
another and are independent of variations in the water level of the reservoir
(dam is situated about 1 km from this zone).

Comparison of the periodic measurements of the piezometric Jlevels
reveals a constant difference in hydraulic pressure related to the hydraulic
conditions of each tapped fracture network. We record a difference of
hydraulic pressure Dh=1.01 m between the +two aguifers which could create a
vertical hydraulic gradient. However, the piezometric levels of the two
tapped aquifers are greater than that of the Bafing downstream of the dam
which confirms the constant recharge of the Bafing by the fracture networks.

The rise in piezometric level during the rainy season (May to September)
is opbservable towards the end of July, that is, 2 months after the begimning
of the rainy season (mid-May). The maximum amplitude (between 1.4%9 and 2.45 m
depernding on the piezometer in gquestion) af this rise is seen near mid-
September, 2.3 months later. The intensity of the precipitations is directly
reflected in the piezometric profile which develops with a sawtooth pattern.

After the rise, we observe a decrease (during 2 months as for the rise)
followed by a stabilization stage, correspornding to the dry season (observable
from the beginning of November until the end of July).

Therefore, the recharge of the fracture network iIs related to
infiltration of rainfall and inflows from the Bafing. Discharges from the
network seem to be principally by evaporation.

5.2.2 Zone #2 - MAOOR - left bank of the Bafing downstream of the dam

Geographic zone #2 contains only one piezometer with an intake in
Sandstone 0 of the Lower Complex.

The piezometric fluctuations (MAOO4) are similar to those of zone #1.
They are independent of variations of water level in the reservoir of the dam
{dam situated 1 km from the zone).

The rise in pilezometric level during the rainy season {May to September)
is cbservable towards the end of July, that is, 2 months after the beginning
of the rainy season (mid-May). The maximum amplitude (1.08 m) of this rise is
seen near the beginning of October, 3months later. The intensity aof the
precipitations is directly reflected in the piezometric profile which develops
with a sawtooth pattern.
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After the rise, we observe a decrease (during 2 months as for the rise)
followed by a stabilization stage, corresponding to the dry season (observable
from the begimning of November until the end of July).

Therefore, the recharge of the fracture network is related to
infiltration of rainfall. Discharges from the network seem to be principally
by evaporation and drainage of the network towards the Bafing.

S5.2.3 Zone #3 - MAODS - left bank of the Bafing downstream of the dam

Geogrephic zone #3 contsins only one piezometer with an  intake in
Sandstone B of the Upper Complex.

This piezometer is, hydrographically, the only observation structure
located in the watershed of the Balinn, juxtaposed toa that of the Bafing.
This structure is situated about 5 km from the dam. The intake is at an
elevation of 247.462 m ASL, approximately 35 meters above the water level in
the reservoir in 1989.

The measured piezometric level is very shallow (288.22 m ASL June 89}
with respect to the topographic elevation of the piezometer (288.461 m ASL).

The piezometric fluctuations in this structure indicate two maximum
values for the water level rise during the vyear of 1989. The first
corresponds to the month of March {difficult to explain) and the second during
the rainy season.

In August, this piezometer becomes artesian for the next four month
period, reflecting an effective recharge of the fracture network, linked
throughout the nearby high topography and draining toward the depressions.

The rise in water level which was measured during the dry season can,
hypothetically, be explained by a halt in the pumping of wells in the village.
No field ocbservations were made in regards to this subject.

5.2.4 Zone #4 — MAOOSG, MAOD7 and MAOOB - right bank of the Bafing upstream of
the dam

Geographic zone #4 contains 3 piezometers with intakes in Sandstone C of
the Upper Complex.

The piezometric fluctuations of piezometers MAOO7 and MACOB are
identical and are comparable to those of piezometer MACOL. They are
independent of the variations in the water level of the reservoir (187 to 197
m ASL) since the piezometric surface (243.48 to 247.14 m ASL) is higher.

Comparison of the periodic measurements of the water levels between the
piezometers reveals a difference of hydraulic bead = 3.6m) between
plezometer MAOO6 (4.0 km from the reservoir} and the tw& other piezometers
(3.0 km from the reservoir). This difference in pressure infers a wverical
hydraulic gradient between the different networks. However, the piezometric
levels are greater than that of the Bafing downstream of the dam which
confirms the constant recharge of the Bafing by the fracture networks.

The rise in water level during the rainy season (May to September) is
observable towards the end of July, that is, Z2 months after the beginning of
the rainy season (mid-May). The maximum amplitude (about 3.7 m) of the rise
is seen in mid September, 2.5 months later.
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After the recharge of the fracture network by infiltration of rainfall,
we observe a sustalined and gradual decrease (during 10 months) throughout the
dry season. This corresponds to the drainage phase of this fracture network.

Therefore, the recharge of the fracture network is related to
infiltration of rainfall and its discharge to evaporation.

9.2.0 Zone #5 - MAOOF, MAOLIC and ™MAOL11 — right bank of the Bafing downstream
of the dam

Geographic zome #5 contains 3 piezometers with intakes at different
depths in Sandstone 2 of the Lower Complex.

The piezometric fluctuations of the three are identical and independent
of reservoir water level variations {dam structure situated at 0.3 km from the
zZone).

Comparison of periodic measurements of the piezometric levels reveals a
difference in hydraulic bead D =0.60 m reflecting a vertical hydraulic
gradient between the tapped aquiters. However, the piezometric levels are
greater than that of the Bafing downstream of the dam which confirms the
constant recharge of the Bafing by the fracture networks.

During a pumping test made on  the MAODY structure (drawdown = 24 hours
and recovery = 24 bours}, we noted a stabilization of drawdown at =920
mirutes, indicating aquifer recharge. Previous to this, we had noted
steepening of the time—drawdown curve at t=70 minutes and at =650 minutes,
indicating two impericous boundaries in the agquifer.

The rise in piezometric level during the rainy season {(May to September)
is observable towards the end of July, that is, 2 months after the beginning
of the rainy season (mid-May). The maximum amplitude (between 1.24 m and 2.00
m depending on the piezometer 1in guestion) of this rise is seen near mid-
September, 2.5 months later. The intensity of the precipitations is directly
reflected in the piezometric profile which develops with a sawtooth pattern.

After the rise, we observe a decrease (during 2 months as for the rise)
followed by & stabilization stage, corresponding to the dry season (abservable
frrom the beginning of November until the end of July).

Therefore, the Bafing constitutes a recharge zone faor the fractured,
anisotropic aquifer.

9.2.6 Zone #6 — MAO1Z, MAOL3 and MAC14 - left bank of the Bafing downstream
of the dam

Beographic zone #& contains 3 piezometers with intakes at different
depths in Sandstone 1A (MAO1Z and MAOL4) and in Sandstone O (MAO13) of the
Lower Complex.

MAo12

The piezometric fluctuations in the structure MAO1Z are identical to
those measured on the right bank of the river in zone #5 (MA0COY, MAOCLIC and
MAO11) and are independent of the reservoir water level variations {dam
structure is situated 0.3 km from the zonel.

The rise in piezometric level during the rainy season (May to September)
is observable towards the end of July, that is, 2 months after the beginning
of the rainy season (mid—May). The maximum amplitude (0.75 m) of this rise is
sSeEen  near mid-September, 2.5 months later. The intensity of the




32

precipitations is directly reflected in the piezometric profile which develops
with a sawtooth pattern.

After the rise, we observe a decrease (during Z months as for the rise)
followed by & stabilization stage, corresponding to the dry season (observable
from the begirning of November until the end of July).

PDuring a pumping test made on MAQLZ (drawdown = 48 hours and recovery =
48 hours), we noted a stabilization of the drawdown at t=95 minutes which
indicates o recharge to the aguifer.

MAOLSE and MAC14

The piezometric fluctuations for MAOL3 and MAC14 are comparable and
their piezometric profiles are distinct from that of MAROLZ2.

The stabilization of the water table was not observed and the aguifer
reaction to rainfall events was instantaneous.

The rise in piezometric level during the rainy seazon (May to September)
is obserwvable towards mid-June, that is, 1 month after the beginning of the
rainy season (mid-May). The maximum amplitude (3.49 m) of this rise is seen
near mid—August, 2.0 months later. The intensity of the precipitations is
directly reflected in the piezometric profile which develops with a sawtooth
pattern, although its profile is less accentuated than that of MAOLZ.

After the recharge of the fracture network by infiltration of rainfall,
we cobserve a sustained and gradual decrease (during 10 months) throughout the
dry season. This corresponds to the drainage phase of this fracture network.

During a pumping test made on  the MACLZ structure (drawdown = 48 hours
and recovery = 48 bours), the measured drawdowns for the piezometers MAOL3 and
MAC14 did not stabilize during the test.

Therefore, the piezometers of this zone tap two distinct aguifers.
Recharge of the fracture zone is related to rainfall infiltration and its
discharge to evaporation.

5.2.7 Zone #7 — MAOO1D - left bank of the Bafing downstream of the dam

Geographic zone #7 contains the piezometer MACLS with ar intake in
Sandstone O of the LLower Complex.

The piezometric fluctuations in this structure are independent of the
reservoir water level variations {(dam structure at 16,4 km from the zonel}.

The measured piezometric level is shallow (149.18 m ASL June B89} with
respect to the topographic elevation of the piezometer (152.37 m ASL).

The piezometric fluctuations inm this structure reach their maximum value
during the rainy season. In August, this piezometer becomes artesian for the
next three months, reflecting an effective recharge of the fracture network,
linked throughout the nearby high topography and draining toward the
depressions.

The rise in water level (more than 3 meters) during the rainy season
(May to September) is observable towards the beginning of July, that is, 1.5
months after the beginning of the rainy season (mid-May). In September, this
piezometer becomes artesian for the next three month period, reflecting an
effective recharge of the fracture network, linked throughout the nearby high
topography and draining toward the depressions.
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After the recharge of the fracture network by infiltration of rainfall,
we observe a sustained and gradual decrease throughout the dry season. This
corresponds to the drainage phase of this fracture network.

Therefore, the recharge of the fracture network 1s related to rainfall
infiltration and its discharge to evaporation.

5.2.8 Zone #8 — MAOLS and MAOL7 -  left bank of the Bafing downstream of the
dam

Gepgraphic zone #8 contains 2 piezometers with  intakes at different
depths in Sandstone 2 (MAO17) of the Lower Complex and in the intrusive
dolerite rock (MA016). The piezometric fluctuations of the two structures are
totally different and are independent of the reservoir water level variations
{dam structure at 21.6 km and 23 km from the zone).

MAQILA

The anmual precipitation influences the piezometer MACLS (Dolerite).
The rise in water level during the rainy season (May to September) is
observable towards the beginning of July, that is, 1.5 months after the
begirming of the rainy season (mid-May). The maximum amplitude of the rise
was not measured but would be on the order of 7.5 to 8 meters.

In August, this pilezometer becomes artesian for the next two month
period, reflecting an effective recharge of the fracture network, 1linked
throughout the nearby high topography and draining toward the depressions.

During the dry season we note a continuous drop in the water level which
indicates evaporation losses and drainage towards a coannected fracture
network.

MAOL7

During a pumping test (48 hours), the piezometer MAOL7 showed a response
like +that of & confined squifer with transient flow. Arnual precipitation
does not influence this piezometer. Examination of the piezometric profile
suggests a weak recharge from a connected fracture network., This recharge is
effective well after the rainy season.

Therefore, the recharge of part of this fracture network (MAO146} is
related to the infiltration of rainfall and ite discharge to evaporation and
drainage to a comnected fracture network. Recharge of the other part of the
fracture network (MAO17) ig related to drainage from a connected fracture
network and its discharge was not observed.

5.2.9 Zone 7 - MAOL1B, MADLY and MA020 - right bank of the Bafing downstream
of the dam

raphic zone #9 contains 3 piezometers with intakes in Sandstone 1A
(MA018 and MAGL?) and Sandstone 2 (MARO2C) of the Lower Complex.

The piezometric fluctuations of the three pilezometers are comparable and
are independent of the water level variations in the reservoir of the dam.

Comparison of periodic measurements of the water levels in  the
piezometers reveals a difference in hydraulic head (D, = 0.5 m) between
piezometers MAOCLIB and MACL?, reflecting a vertical hydrauqic gradient between
the tapped aguifers. However, the piezometric levels are greater than that of



34

the Bafing downstream of the dam which confirms the constant recharge of the
Bafing by the fracture networks,

buring a pumping test (48 hours), the piezometer MAOZ20 showed a response
like that of a confined aguifer with transient flow.

The rise in piezometric level durling the rainy season (May to September)
is observable towards mid-June, that is, 1 month after the beginning of the
rainy season (mid—May). The maximum amplitude (between about 3.95 m and about
5 m) of this rise is seen near mid-September, 3 months later.

In August, the piezometers (MAQL? and MACZ20) become artesian for a one
month period, reflecting en effective recharge of the fracture network, linked
throughout the nearby high topography and draining toward the depressions.

After the recharge of the fracture network by infiltration of rainfall,
we observe a sustaired and gradual decrease throughout the dry season. This
corresponds to the drainage phase of this fracture netwaork.



& CONCLUSIONS

The OMVS piezometric network (20 piezometers) is located in the
Manantali Dam area, in 9 distinct geographic zomes upstream and downstream of
the dam structure. The reservoir created by the dam began to fill on July 18,
1987 (initial water level 154 m AS.) and since then the water level has
steadily continued to rise. The maximum fill level (208 m ASL}, should be
reached during the rainy season 1990.

Through analysis of data from boreholes drilled during comstruction of
the network, several fractured aguifers were identified, all belonging to the
Bakoye Group lithostratigraphic series (siliceous and feldspathic sandstones
and shales). This Group was subdivided according to the codification system
proposed by the engineers of the Groupement de Manantali, into two Lomplexes,
Lower and Upper. Schematically, the Lower Complex is linked to e Bafing
River valley bottom and the Upper Complex is linked to the cliffs which border
the reservoir created by Manantali Dam.

The relationship between the appearance {(occurrence) freguency of
structural accidents (number of fractures/linear meter) and the depth drilled
into the bedrock was determined. This freguency, regardless of the
geochemical composition of the surrounding rocks, diminishes with depth
drilled in the bedrock. Wher geochemical composition is considered, it
appears that Sandstone 2 of the Lower Complex is the most fractured (0.2
structural accidents/linear meter) and that the other formations (Lower and
Upper Complex) are comparably fractured (0.06 to 0.1 structural
accidents/linear meter).

3 Hydraulic productivity per lithostratigraphic formation [(8 air lift
m" /hour ) /number structural accidents] was also established., The Upper Complex
formations {cliffs bnrdeging the reservoir) have a much greater hydraulic
productivity (14 to 22 m" /hour/structural accident) than those of the Lower
Complex (about 7 m" /hour/structural accident).

The chemical analysis of 20 groundwater samples indicates a great
diversity of geohydrochemical facies, such as:

¥ calcium and magnesium bicarbonates (10/20),
¥ calcium and magnesium chlorides (B/20),
¥ calcium sulfates and bicarbonates (2/20).

The water 1s usually fresh and sometimes brackish., Their fitness for
irrigation varies from "mediocre” to "excellent", depending on the degree of
mineralization of the water.

The chemical analysis results suggest the existence of many Juxtaposed
or superposed and non—linked fracture networks. These different networks
delimit many anisotropic aguifers.

Compar 1 son of average physicochemical parameters {(electrical
Conductivity and pH) between the end of the dry seasom and the beginnimg of
the rainy season indicates a decrease (from the dry to the rainy season) which
suggests a wvertical recharge of the fracture networks by infiltration of
weakly mineralized rainfall. The high turbidity values measured for the
groundwater samples are theoretically characteristic of the surface waters,
which tends to confirm the infiltration of rainfall.

The piezometric fluctuations of the network (cycle 88/8%9) were analyzed
in relation to water level wvariations of the Manantali Dam reservoir and
trainftall.
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In general, for the whole OMVS network (20 piezometers), regardless of
geographic position of the piezometers (upstream or downstream of the dam), we
note that:

1) the principal recharge source of the aguifers is the infiltration of
rainfall during the months of August and September (2 months per year),

2) the water losses are principally related to evaporation (10 months
per year) and evapotranspiration, and probably to some extent, drainage
from onhe fracture network to another,

3} the hydraulic bead (proportional to a colum of water 54 m high)
induced by the filling of Manantali Dam reservoir does not influence the
piezometry of the aguifers tapped by the OMVS network,

4) the depth of the water tables below the ground surface is shallow
(DS < 3.7 m). The potentiometric surface seems to be controlled by the
relief, which suggests an effective vertical recharge.

More specifically, except for zone #3 where MAO0S is located outside of
the Bzafing watershed, the piezometric fluctuation curves are classified in
three categories:

1) Rise - descent — stabilization period

This category contains most of the piezometers located downstream of the
dam and at distances af approximately one kilometer from the Bafing River,

The measured piezometric levels are systematically greater than  the
water level of the Bafing River.

Therefore, the Bafing constitutes & zone of groundwater resurgence, fed
by drainage of the wvarious nearby fracture systems. The stabilization stage
that was observed can be explained by the absence of piezometric fluctuations
caused by the convergence of the flow lines toward the Bafing River bed.

F) Rise — gradual descent without stabilization period
This category contains all the piezometers located:

1) downstream of the dam and at more than one kilometer from the
resurgence zone constituted by the Bafing River,

2) in the geographic zones situated upstream of the dam,

3) downstream of the dam, in the corridor generally recharged by the
Bafing, in zones where the fracture network is not linked to the Bafing
(zone #5).

The piezometric fluctuation curves of these sites do not indicate a
stabilization period.

Therefore, the progressive drop without stabilization can be explained
by a fracture network which is not linked with the Bafing.

3) Continuous slow rise

This category contains the piezometer MACL7, This piezometer taps a
fracture network which 1is hydraulically isolated from the Bafing River
recharge zone. During the gbservation periopd, 1989, this fracture network
seemed to be recharged by another connected fracture network.
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Project measurements indicate that groundwater flow helps to maintain
the discharge of the Bafing River, througbout the vear. This observation
which was true before July 1987 is still true after Manantali Dam has become
operational. In fact, the potentiometric surfare of the aguifers in the
plateaus which border the dam’'s reservoir are clearly above the actual and
planned operating level of the dam (208 m ASL).

However, this does not signify that the Manantali Dam reservoir does not
influence the formations which are on its immediate borders (Upper Complex
sandstone cliffs).

Before the reservoir began filling, there existed a beavily fractured
but non-saturated zone in the Upper Complex sandstone cliffs. The artificial
raising of the wster level in the reservoir ctould induce recharge of this non
saturated zone. This zone 1s delimited by the cliffs, the piezometric surface
under natural conditions before the reservolr began fillimg, and a horizontal
surface corresponding to the operating level of the reservair. This
volumetric definition supposes the existence of several interconnec ted
fracture networks linked to the Manantali reservoir. This hypothesis is not
confirmed by our piezometric observations.

If this was the case, as the water level rose in the reservalir, the non-
saturategd zone would be recharged and, as= the water level dropped, the
fracture network would return part of its stored water to the reservoir. This
zone would be something of 28 secondary reservoir. Upon stabilization of the
water level in the reservoir, at the operating level (208 m ASL), a new
piezometric equilibrium would be established. The large differences between
the piezometric levels at the observation points and the expected operating
level indicates that the distance to which the reservoir will influence the
aguifers will be small.

The number of observation points in the OMNVS  piezometric network does
not permit one to answer this guestion.

The installation of one or more perpendicular piezometer lines ont the
plateau at the edges of the reservoir, and on sites which are Jjudged
structurally representative, would allow an answer to be developed to  this
Question.
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INTRODUCTORY COMMENTS

A) GENERAL

The graphic representations of the geologic and technical
sections in this annex, as well as the tables detailing the
hydrogecological descriptions, were produced with GROUNDWATER
software.

Filec are identified as ¥.WLT and *.WLC.

The <symbol ¥ corresponds to the number of the piezometer
concerned and the extensions:

WLT: contaims all the geologic data for the piezometer
concerned,

WLC: contains all the technical data for the piezometer
concerned.

The reader will find, following this section, a complete
listing of all the files dealt with in this annex, corresponding
to the piezometers located within the limits of the topographic
map 1/200,000 concerned.

All the piezometers, dealt with in this annex, are localized
on the 1/200,000 map which accompanies this document.

The complete listing of the piezometers related to this map
was produced with XTREE utility software..
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B} REMARKS CONCERNING THE COLUMN “"GEOLOGIC COMMENTS™

Use of GROUNDWATER softwere imposes certain data entry
constraints related to printing of the different reports:

¥ geologic sections
¥ summary tables

The space allocated to printing comments in the summary
table is limited to 22 characters. This 1limit (22 characters)
may be exceeded, however, when plotting the gecliogic sections.

Therefore, in order to ensure legibility in the summary
tables and geolegic sections, the following codificsation
principles were adopted:

|
XXXX 22 characters XXXX free style

po— SEQ@ 1: limited to 4 characters.
— SEQ 2: limited to & characters.
e SEQ 3: limited to 10 characters.

DEFINITION OF SEQUENCES + CODES USED

SEQ 1: Geologic formation. The geologic codes used are those
used in the GES data base.

SEQ 2 Color. The definition of colors uses the fTirst two
letters of the color concerned.
EX.: a brown sample would be coded BR; a brown grey
sample would be coded BR/GR. (in French)

Note: 1) Sequence 1 is obligatory.

2) The order of these sequences must obligatorily be
respected.

3) If information relative to one of the sequences is
missing, continue with the next sequence.

4) After SEQR 2, the comments are in free stvyle. These

will only apprar when printing the detailed geologic
section.



LEXICON

All the graphics and the tables characterizing the
piezometers # -+s 4 Contained in annex # 1, were produred with
GROUNDWATER/LITHOCON software. Since this software was written

. in English, it is useful
¢ The translations are not
activities of this project.

here to clarify the translated terms.
rigorous and are adapted to the

L ITHOLOGY

WELL CONSTRUCTION DETAILS
WELL CAP

CASING

LINER

DRILLED HOLE

WELL SCREEN

PLUG

GRAVEL PACK
STATIC WATER LEVEL

SCALE
PROJECT
FILE

LOCATION
WELL NO
DRILLER
ELEVATION (m)
DATE DRILLED
TYPE OF RIG

DEPTH
THICKNESS (m)

(1 L I (O (A T

Il i H 1 R

o

DESCRIPTION LITHOSTRATIGRAPHIGUE
COUPE TECHNIQUE DU PIEZOMETRE
COUVERCLE DE PROTECTION

TUBE D"ACIER PEINT EN ROUGE

TUBE PVC PLEIN

TROU DE FORAGE

CREFINE EN PVC

BOUCHON DE FERMETURE A LA BASE DU
PIEZOMETRE

GRAVIER FILTRE

NIVEAU STATIQUE MESURE PAR
RAPPORT AU S0OL

ECHELLE

FPROJET

FICHIER, CORRESFOND AU # DU
FROJET

LOCALISATION, CORRESPOND AU NOM
DE LA CARTE 1/50.000

NO DU PIEZOMETRE

FOREUR, CORRESPONDANT AU NOM DE
L ENTREPRISE RESPONSABLE DES
TRAVAUX DE FDRAGE

ELEVATION EXPRIMEE EN METRES PAR
RAPPORT AU ZERD IGN

DATE D'EXECUTION DU FORAGE
TECHNIQUE DE FORAGE

PROFONDEUR

EPAISSEUR EXPRIMEE EN METRES



COLES

Fi
F2

Faq
FS

Fo

F7

F8

Fo

F10
SHIFT F1
SHIFT F2
SHIFT F3
SHIFT F4
SHIFT F5
SHIFT Fa
SHIFT F7
SHIFT Fg
SHIFT Fo
SHIFT F10

BROUNDWATER — STRATIGRAPHIC DESCRIPTION CODES

Llﬂﬁli%yc DESCRIPTIONS
D

ABBREVIATE

TR-INDIF,
TR-EBOULIS
TR- QLLUV
TR-SA/LAT.
CS-SCHISTE
CS-GRES C
CS-GRES B
CS—GRER
CS-INDIF.,
CI-ARGILITE
CI-GRES O
CI-GRES 14
Ci-PEL. 1B
CI-1A/1B
CI-GRES 2
CI-SCH. 3
CI-INDIF.
CI-DOLERITE
Ci- ~

ClI- 7

B 1 abbreviat

ed descriptions are

COMPLETE

unccnsolidated, undifferentiated terrain,

Wrconsolidated, debris terrain,

uncmﬂsolidated, alluvig] terrain

Unconsolidated, sand & laterrite terrain

Upeper complex ~ shale
Upper complex -~ Sandstone £
Upper complex - Sandstone B

upper complex -~ Sandstone A

Upper complex — undifferentiated

lower complex - Argilite
lower comnplex — Sandstone g
lower Complex - Bandstone 1A

lower complex - Pelite 1B

lower complex Sandstone 1A and/or Pelite 1B

lower complex Sandstone 2
lower complex Shale 3

1 ower complex undifferentigted
lower complex Dolerite

unused Code

unused Code

limited by graphic

constraints tg a meximum of 13 Characters,

representation
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WELL LITHOLOGY
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WELL LITHOLOGY
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ANBEX # 2

GEOLOGIC CROSS SECTIONS




COMMENTS ON THE GEOLOGIC CROSS SECTIONS

The  following geologic cross sections  were plotted with the
GROUNDWATER/L ITHDCON  program. The following information was added +to the
geologic cross sections.

1} the geologic age of the different sediments crossed

2) the positions of multiple intakes at the same geographic site
(double equipment)

I} water samples drawn, 1f any, corresponding to a chemical
analysis identified by the number of the piezometer from which 1t
was drawn (see annex #4)

4) the geologic correlstion between the different Tformations
crossed by each of the boreholes made at the site concerned.

All of this information was determined from analysis of data preserted
in the tables which are contained in the text of this documentary repertoire.
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ORGANISATION FOUR LA MISE EN VA ELR DU FLEWMVE SEMNEGAL VS
DEPORTEMENT DES INFRASTRLCTURES REGIONALES DIR
GROUNDWATER MONITORING UNIT
OMWS/USAID PROJECT 6250938

TOPOGRAPHIC MAP 1:200,000
27 BAFOULABE

ANMNEX B 3

WATER ANALYSIS
¥ Practical comments
¥ Analysis results/tables
¥ Classification diagrams



All the classification diagrams indicating results of the chemical
analysis of the groundwater and the tables of results were produced with the
GROUNDWATER/CHEMISTRY program. In spite of its Emglish language origins it
was not necessary to develop a lexicon to read these graphics.

The GES data base can print out a summnary table of water analysis
results for any specific piezometer. These tables contain the complete
analysis results including those not indicated in the diagrams.

The reader will note that the punber of the figure in the diagrams
corresponds to the number of the piezometer from which the samples were drawn
or near to where a surface water sample was taken.

The reader will find, attached, the complete list of all the files dealt
with in this annex, corresponding to the number of plezometers contained in
the limits of the topographic map 1/200,000 concermned.

All the piezometers, dealt with in this annex are localized on the map
1,200,000 which accompanies this document,

The complete list of piezometers related to this map was produced with
XTREE utility software.
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CHEMISTRY ANALYSIS
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CHEMISTRY ANALYSIS
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CHEMISTRY ANARLYSIS
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LERID/DAKKR/SENEGAL
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PROJECT: ODMVS/USAID
FILE: B25-0958
LOCATION: BAFOULABE 28

SAMPLE: MAOD7 0H8/02/8B9

CHEMICAL GRAPHS

CUSAID/DAKAR/SENEGAL

FIGURE: MAQO7




CHEMISTRY ANALYSIS

FROJECT: OMVYS/USRID FILE: €25-0358
LOCATION: BRFOULREE &B

WELL NO. : MAQCOY C8/02/89

| CRTICONS | FEmM EFM % EFM |
o e e e |
| Ca : 493,70 z. 48 S0.66 |
! Mg | E7.17 c. 23 45, 64 |
I Na+H 1 5. 60 0.18 3.3 |
I ANIONS | P £rm % EFM |
fmm - | m e !
TS It SRR RS 29700 5,87 97,03 |
l 304 ! 7.00 0. 15 .91 |
| c1 ! 0. 00 0, 00 Q.00 |

TOTAL DIz VED S0UIDS:
ERRCR IN CATION/GNION BALANCE :
SCDIuM RESCREFTION RRATION (S.R.R.

— .
—
w
®

: 0. 0

USARID/DAMAR/SENZGRL
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NOTE ERROA [IF ANY! IN CATION/ANION
BALANCE HAS BEEN REMQVED

PROJECT: OMVS/USAID
FILE: 625-0958
LOCATION: BAFQULABE 28

SAMPLE: MAOOB 08/02/89

CHEMICAL GRAPHS

USAID/DAAR/SENEGAL

FIGURE: MAOOS




CHEMISTRY RNALYSIS

FROJECT: OMVS/USAILD FILE: 635-0258
LOCRTIGN: BRFOULRKERE R .

WELL NO.: MAo0g8 a8/02/8%9

| CATIONS ! =Y EFM % EEM
R | e e e e e !
| Ca 1 £4,10 3. 20 57.85 |
| Mg i g5, & 2.08 37.54 |
l Na+¥ | 6. 80 Q. 25 4.60 |
;o enNiONE FEm ERm % EPM |
P e e e e s e e e |
| HCO3+CO3 | 339,00 5. 56 90. 23 |
1 s04 | 27.20 0.57 9.21 |
i C1 | 1. 00 0.03 0. 46 |

TOTAL DISSOLYED SOLIDS: 66
ERROR IN CSTION/ANION BRALANCE: S.30 %
SODIUM AERSORFTION RATION (S, AR, O.1Z

USRID/DAMAR/ SENEGRL
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PROJECT: OMVS/USAID ‘
FILE: £25-0958 SAMPLE: MAGDS 0B/02/B9 CHEMICAL GRAPHS
LOCATION: BAFOULABE 2A .

USATID/DAKAR/SENEGAL FIGURE: MAOOS




e

PROJECT: OMVS/USRID FILE: 625-0958
LOCATION: BAFOULRBE 2A

WELL NO, : MRO03 08/0z/83.

| CATIONS | PR EFM % EFM

| - | ———— e e e
! Ca } o6. 30 =, B4 ZE. 48

} Mg | o, B3 4,573 T3, 00

] Na+H 1 10, B0 0. 35 4,52

i ANIONS I P EFM % EFM
|- |———— e s s e e e s
1 HCQZ+CO3 | ZF4, 00 . 82 =3. 55

} 504 | E&. T 1. 20 10,68

! el ! 215, 00 &. 0 49,77
TOTAL DISSOLVED SDLIDS:

ERROR IN CATION/ANICON ERALANCE: =2.05 %

SODIUM ARSCRATION RATION (E.A.R.): 0. 10

CHEMISTRY ANALYSIS

——————— A ———— - e e S A —

USAID/DAKAR/SENEGAL
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PAOJECT: OMVS/USAID
FILF: 625~0958
LOCATTION: BAFOULABE 2A

SAMPLE: MAD10 0B8/02/89

CHEMICAL GRAPHS

USAID/DAKAR/SENEGAL

FIGURE: MAD10




CHEMISTRY RNALYSIS

FROJECT: OMVS/USRID FILE: 625-0358
LOCATION: BAFOULABE 2A !

WELL NO.: MRO10 08/0&/89

| CATIONS | FEM EFM % EFM

o m— o | — e
! Ca ! 73,70 3.68 80. 28
| Mg | 8. 31 0.73 1E€. OO0
| Na+Kk | 5. 20 0.17 3.73
| ANIONS | = EFM % EFM

e e e — e e e e e A . —
I HCDZ+CO3 | 317,00 S, Z0 33, 64
| spe 12, 20 0. &8 4.5

i cl | 3. 50 0. 10 1.78

TOTAL DISSOLVED SOLIDS:
ERROR IN CATICGN/ANION BALANCE: - 3.535 *
SCOILUM ARSCRFTION RATION (S.A.R.): 0,06

USRID/DAMAR/SENEGAL

—— ——
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PIE OIAGRAM
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PROJECT; OMVS/USAID
FILE: 625-0958
LOCATION: BAFUULABE 24

SAMPLE: MAD11

08/02/89

CHEMICAL GRAPHS

USATD/DAKAR/SENEGAL

FIGURE: MAD1Y

""""""
.



-

CHEMISTRY ANALYSIS

FROJECT: OMVYS/USALD FILE: &25-0358
LOCARTION: BAFOULABE 2A ’

WELL NO.: MAOCIL 08/02/83

I CATIDNS | FEM EFM % EFM
| ———— - ]
| Ca 1 S6. 10 2. 80 55.19
| Mg 1 S4. 26 2. 00 33, 34
P Na+K 7.70 0.:28 S. 47
| ANIONS | PEM EFM % EFM
oo | e e
~IRI+ICE 21, 00 4,33 2I.71
204 ) 10,50 Qe 4,15
| C1 | 4. 00 G.11 z. 14

TOTRL DISSQOLVED SOLIDE:
ERROR IN CARTION/ANIGN BRLANCE: 1.88 %
SODIUM ARSORFPTICMN RATION (S.A.R.Y: 0,13

USAID/DAMAR/SENEGAL



RPIPER TRILINEAR OIAGRAM

STIFF GRAPH
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PIE DIAGRAM
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PROJECT:  OMVS/USAID
FILE: 625-0956
LOCATION: BAFOULABE 2A

SAMPLE: MAO12 0B/02/89

CHEMICAL GRAPHS

USATID/DAKAR/SENEGAL

FIGURE: MAQ142




FROJECT: OMVS/USAID FILE: 625-0958

LOCATION: BAFOULREE ZA

WELL NO.: MAOLE 08/02/83 ,

| CARTIONS | FEm EPM % EFM

o e

| Ca | 458. 50 2z, 88 44, 30

! Mg ! 336,84 27,70 53. 64

| Na+K | 40. 10 1.06 2. 06

| ANIONS | FFEM EFM % EFM

R b e e

| =CO3I+C03 | 182, 0O z. 98 z. @8
scs | BOO. OO 16, 66 18,71

! Cl I 3350.00 111,39 85. 01

TOTAL DISSOLVED SOLIDS:
CATION/ANION BRLANCE: 43, 46 *
SODIUM ARSORETION RATION

ERROR IN

CHEMISTRY ANALYSIS

e ok . g e v . g A e S —— —— {——.

USAID/DARKAR/SENEGAL

(S.A.R.):

0.

oz

— man



STIFF GRAPH
PIPER TARILINEAR DIAGRAM
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o VVVVVVVVV 100 VVVVVVVVV o | PER MILLION) cosscas 6"
100 a0 80 i 20 o a0 e ad 8o 100 i \: "
A PEACENTAGE REACTING VALUES _ § § . o |

PROJECT: DMVS/USAID
FILE: 625-0958 SAMPLE: MAO13 08/02/8B9 CHEMICAL GRAPHS
LOCATION: BAFOULABE 2A -

CUSAID/DAKAR/ SENEGAL FIGURE: MAO13




CHEMISTRY ANALYSIS

PRIJECT: OMVS/USAID FILE: €£55-0358
LOCATION: EAFOQULAKE ZA '

L}
WELL NO, : MOol1s  0g/0&/893

. DI T onT ) Frem E5m K Efm
i_ - — _}_._.u,u . e e e e~ en e m i  —
! Ca ; 47, 30 = 75,87
} Mg | £.58 G, =2 1E.EO
| Na+H } €. 00 O, =3 7.553
POANIGNT il E-w L E DY,

Ll S Dl 1SL o1
SRS AR S G S =S8, =25
' 1l 5. 00 0, 25 CE. 24
TOTRLL DISSOLVED SCLIDS:
ERFFRCGR IN CRTION/CSNIDN BRLANCE .75 %
SODIUM ARSORFTICN RETION (S.G. R, CL16
LS I D/ DRGSR, DE NS TR



STIFF GRAPH
PIPER TRILINEAR DIAGRAM

100 \
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, 100 2
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* Mg R B

at 0"0’0’ o E
A0 Nt
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” %x%AvAVAVAv VA 6 %I A¢X¢Z¢X¢I¢ o | et O 1«
\VAVAY, vvvv CYAVAVAVAVAVAVAVAVAVARI TR s
sGace or oxskeTne AL Ance Ab e ABOVED HCu3+C03 L

PADJECT: OMVS/USAIO :
FILE: 625-0958 SAMPLE: MAD14 0B/02/89 CHEMICAL GRAPHS
LOCATION: BAFOULABE 24 .

USAID/DAKAR/SENEGAL FIGURE: MAQ14




PRDJECT} OMVS/USAID FILE: &25-0358
LOCATION: BRFOULABE 2A ‘

WELL NO.: MAO14 OB/02/873

- I ERTIONS | Fim EFM % EFM
| ——— I e e e itttk
1 Ca | 65, 70 3.8 83,07
| Mq l 4.84 0. 490 10,03
{ Na+K I 7. 40 0. 6. 84
I ANIONS | FEm EFM * EFM
fmm o e e e
| HCOZ+C03 | E3T. 00 Z. & 25,71
i =04 1 9. 70 (R 1&. 08
! ci ! 3.50 0.10 2.2

TOTAL DISSOLVED SOLIDS:
ERROR IN CATION/ANION BRALANCE: ©.&7 %
SODIUM ABSORETICON RATION (B .A.R.): 0. 14

USALD/DAKAR/ SENEGAL



STIFF GRAPH
PIPER TAILINEAR OIAGRAM

T 1 T i { T T F 1 T
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10¢ \ /100
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i 1 1 - L 1 1 i L |
L] 4 3 2 1 0 1 @ 3 4 B N
CATIONS ANIONS .7

EGUIVALENTS PER MILLION [(EPM)
]

- 80 L]

SN
(OO0

- C/AVAVAVAVANEIRS )
AR L™ |
- AXRCTRRNA SR | e
LOLLARPLP NN ARLLRTLLRLLRD | sz
FENCENTAGE REACTING VALUES “:ng_;ms

NOTE FRROA [IF ANY) IN CATION/ANION

SCALE OF OIAMETERS
BALANCE HAS BEEN AEMOVED HEO3+COI

PAOJECT: OMVS/USAID
FILE: 625-0958 SAMPLE: MAG1S 08/02/89 CHEMICAL GRAPHS
LLOCATION: BAFCULABE 1B -

USATID/DAKAR/SENEGAL FIGURE: MAG1S




FPROJECT: OMVS/USRID FILE: &£25-~0358
LOGCARTION: BAFOULARE 1B :

WELL NO.: MADIS  G8/03/83
| CATIONS | Fem EFM % EEM
fmm e e
l Ca ! 47,30 2. 36 50. 15
i Mg : 1%, 88 1,63 Z4.74
| Na+K | 20. 80 0. 71 15.11
| ANIONS | FEm EFM % EFM
. e e e
CECAZACOE 23z, 00 3,80 76,37
} T4 ! LT, 0 0. T4 L, 8
i H i =, 20 IR G, &5

TOTAL DISSOLVED 30L1IDS:
ERROR IN CRTION/ANION BALANCE: 2.932 %
SODIUM RAERSORFTION RATION (S.A.R.): 0.3l

LUSAID/DRKAR/SENEGAL
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PIE DIABRAM
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PER MILLION]

CATION/ANION

HCOB+CON

PHROJECT. OMVS/USAID
FILF. 6250958
LOCATION: BAFOULABE 1H

SAMPLE: MAD16 0B/02/89

CHEMICAL GRAPHS

CUSATID/DAKAR/SENEGAL

FIGURE: MAD1B




’ ¥
FROJECT: OMVS/USAID
LOCRYION: BAFOULABE 1B

L]
WELL NO,: MACle 08/02/89

I CATIONS | e

I Ca | 4E,, S0

i Mg ] O, 02

i Na+K } 2. 40

f ANIONS | FEmM

¢ FCCE+COS Te I, D
=04 ! Za 2

| Cl ] =. Q0

TOTAL DISSOLVED SOLIDS:

ERROR IN CRTION/ANION BALANCE:

SODIUM RAESORFTION RATION

he SR -5
LSAID/DAKAR/SENEGAL

FILE: 625-0358

=22.06 %
(S.A.R. D

0. 08

!

~d L




STIFF GAAPH
PIPER TRILINEAR DIAGRAM
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0 £ eeev \ . [TOTAL OF EQUIYVALENTE

NOTE ERAOA (IF ANY) IN CAYION/ANMION
BALANCE HAR BEEN REMOVEU

PHOJECT: OMVS/USAID i
FILE: 625-0958 SAMPLE: MAO17 08/02/85 CHEMICAL GRAPHS -
LOCATION: BAFOULABE 18 .

USAID/DAKAR/SENEGAL FIGURE: MAD17




-

FROJECT: OMVS/USRID FILE: 625-0958
LOCATION: ERFOULABE 1B :
- »

E WELL NO.: MAOL7  08/02/89

# - 1 ERTIONS | Frm EFmM * EFM
f—————— - e
! Ca I 112. 20 5. B0 6. 10
§ Mg | 35.05 2. 838 21.37
! Ma+H | 13.940 Q.23 233

‘} .

O

| | ANIONS | £ Efm % ERM
f——m T T T T e e e e e
i HCOQI+CGE 10,70 ol .40
i SC4 ! S, 00 S &l 6. 13
| C1 ! 1. 50 Q.04 Q.75

TOTAL DISSOLVED SOLIDS:
ERRCR IN CATION/ABNION BALANCE: =
SODILM RESURFTICN RATION (S, AL R.

USAID/DAKAR/SENEGAL

— -



( 7\
IVAVAVAVAVAVAVAVAR
JAVAVAVAVAVAVAVAVA
NVAVAVAVAVAVAVAVAVAVAD

PIPER TRILINEAR DIAGHRAM

00000000

00 s
OOOON %
@::::::::0:0
mﬁ’%&%ﬂ”&

STIFF GRAPH

 HCOg

]
CATIONS

EQUIVALENTS PER MILLION (EPM)

LN

/N
YAVAVAVAVAVAVAVANR
JAV.\VAVAVAVAVAVAVA

Y AVAVAVAVAVAVAVAVAV

PERCENTABE REACTIMNG VALUER

PIE DIAGRAM

o

= n -

[ S —
BCALE OF RADII

ROTE  ERAOA (IF ANYD IN CATION/AMION
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PROJECT: OMVS/USAID
FILE §25-0956
LOCATION. BAFQULABE 2C

SAMPLE: MAO18 08/02/89

CHEMICAL GRAPHS

CUSAID/DAKAR/SENEGAL

FIGURE: MAD1B
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CHEMISTRY RNALYSIS

- — e i e ——— o T — o —

‘ . FROJECT: OmMVe/USAID FILE: &€x5-03958

- LOCAT I0N: ERFOULREE &C .

} - WELL NO.: MAROI1B OB8/0Z/83

f I CATIONS | FEM EFM % EFM

| e e e e e e —
i Ca ] 3, BO 1.E64 39.73
| Mg | 28,68 2.3 57,85

| [ Na+K | 3, 40 0. 18 3. 02

oo
! on ﬂr"-:c ! :i:’h‘ E;M ™ ECIJ

\ :. __________ : _____________________________________

| | HCO2+CO3 | 203, OO 2. 43 73.63

| | s0s | 33. 70 0.70 15, 09
] C1 1 18.50 0, 52 11. 2@

TOTAL DISSOLVED SOLIDS:
; ERROR IN CRTION/ANION BALANCE: 6,05 ¥
i SODIUM RBSORETION RATION (S.ACR.) 3 0,06
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PIPER TRILINEAR OIAGRAM
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R
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HCO3+C0Y 7 R

$04 : f :

NOTE ERADA (IF ANY) IN CATION/ANION a

PROJECT. OMVS/USAIOD
FILE: 625~0958
LOCATION, B8AFQULABE 2C

SAMPLE: MAO19 08/02/89

CHEMICAL GRAPHS

C USAID/DAKAR/SENEGAL

FIGURE: MAQ19
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CHEMISTRY ANALYSIS

PROJECT: OMVS/USARID FILE: €25~-0358
LOCATION: BAFOULRARERE =2C .

WELL NO.: MAQ13  (8/02/89 '
|  CATICONS | FEM EFM x EEM |
jm e }
! Ca ! 177,10 8.84 51.38 |
| Mg | 47,06 3.87 22.50 |
| Na+H | 105, 50 4,473 Z€. i1 |
b ANIONS FEm eFm woEsm
e e !
SCTI+C0E 170, O Z. 82 8.732 ¢
== . ¥ = YU FERER 4, 48F
| Ci i 765. GO 21.57 66,78 |

TOTAL DIGS
ERROR IN L
S0DiIuMm RES

CLVED 3S0LIDS:
RTION/A&NION BALARCE: 30,50 %
CRETION RATION (S.AR.): 1.73

USARID/DAMAR/SENEGAL



STIFF GRAPH
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PIE DIAGRAM
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{TOTAL OF EQUIVALENTS

\VAVAVAVAVAVAVAVAVANG BERLLL e

WOTE ERAOR (IF ANY] IN CATION/ANION
BALANCE HAY BEEN REVED

mm{/O

i} PAQJECT: OMVS/USAID
FILE: 625-0958 SAMPLE: MAQ20 08/02/89
LOCATION: BAFQULABE 2C

CHEMICAL GRAPHS
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CHEMISTRY ANALYSIS

FROJECT: OMVS/USALD FILE: €£25—-037%58
LOCATION: BAFCULRARBE 2C :

WELL NG, : MAQZD 08/ G/ 83

| CATIONS | PEM EFM % EFM
fmm e —— S
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1 Data

In this report, hydrological data are presented and analyzed for the
period from July 1987 to December 1999,

OMVS personnel at Manantali Dam record the water levels in the reservoir
of the dam and in the stilling basin at the foot of the dam on a daily basis,
They calculate the daily discharge from the dam as a function of the gate
opening and the level of water in the reservoir. The volume of water in the
reservoir, corvesponding to 1ts  lewvel, is read from a graph or table. Thess
data have been recorded since July 18, 1987 except for the level in  the
stilling basin which has been recorded since May 1, 1988. The daily data
which are analyzed here are annexed to this report. The monthly average
values of the aforementioned data are presented in the following t’abie.

DONMNEES HYDROLOGIGLES DU BARRAGE ET RESERVOIR DE MANANTALT
MANANTAL T DAM AND RESERVOIR HYDROLOGICAL. DATA
SOURCE: OMVG, BARRAGE DE MANANTALI

MOYENS MENSLELS — MONTHLY AVERAGES VOLLME
LACHE
{—RESERVOIR——> COTE AVAL DEBIT DU CUMULATIF
COTE VOILIME  DOWNSTREAM  BARRAGE RELEASED
LEVEL LEVEL DISCHARGE CUMULATIVE
MOIS {m IGN) (m™3 E9) {m IGN) {m™3/5}) (m™3 E?)
Jul-B7 160.47 0.045 NA 34.6 0.042
Aug—87 16%.74 0.532 NA 206.1 0.574
Sep-B7 176.10 1.498 Ne &35.4 2.241
Oct-87 177.68 1.782 NAY 370.0 3.232
Nowv—87 178.87 1.996 NA i8.8 3.332
Dec-87 179.27 2.068 NA &4.3 3.505
Jan-88 178.656 1.958 NA 84.0 0.225
Feb—88 177.84 1.810 NA 29.7 0.375
Mar—-88 176.91 1.643 NA 21.5 0.432
Apr—88 176.67 1.601 NA 4.2 0.443
May—-B889 175.61 1.410 154.35 8.3 0.707
Jun—88 174,03 1.125 154.18 4.1 Q.79
Jul—-88 173.06 1.310 153.%1 23.2 0.857
Aug-B88 181.92 Z2.956 153.68 F.3 0.8682
Sep—88 187.70 3.802 156.73 B25.0 3.020
Oct-88 188.20 I3.7931 154.61 211.4 X.587
hov-88 189.30 4.217 NA 0.3 3.600
Dec—-88 189.82 4,354 NA 4.0 3.616
Jan-89 189.92 4.380 NA 5.7 0.015
Feb—89 189.83 4,354 154.13 45.7 0.128
Mar—-89 189,34 4,227 133.96 32.2 0.215
Apr—B89 188.83 4.094 154.05 6.8 0.367
May—89 188.14 3.917 154.08 &2.0 0.3528
Jun—8%9 187 .33 3.706 154.16 20.2 0.761
Jul-82 187.36 3.714 153.76 12.6 0.814
Aug--87 190.71 4,638 153.85 34.56 Q.07
Sep-89 196.07 &.387 155.18 392.9 1.924
Oct—87 197.1%9 &6.788 155.05 358.5 2.864
Nowv—H89 197.27 &.816 134.29 115.6 3.184
Dec—89 197.42 6.873 153.346 4.6 3.196

The water level downstream of the dam was not read from November 2, 1988
to February 11, 198% because the energy dissipation basin at the foot of the
dam was being repaired.



3 Discharges from the dam

The high discharges from the dam, in September and October, were made in
response to the rate with which the water level was rising in the reservoir,
The water level in  the reservoir dropped gradually from January to June
because of evaporation and maintenance discharges. Filling of the reservair
should be complete, to 208 m ASL, during the rainy season of 1990 or 1991.

The following
period.

figures indicate the discharges and volumes released during the
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4 Water levels downstream of the dam

All the water released from the dam
bottom gates since the upper gates will onl
The discharge has been highly controlled.
the discharge could change from one day to

has been discharged through the
y serve when the reservoir is full,
We see from the figure below that
the next from 40 m® /s to 1000 /s.
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The water level downstream of the dam

is read in the energy dissipation

basin at the foot of the dam. As we can remark in the figure below, the water

level in the basin is very sensitive to the
significative 1f the water level were
kilometers downstream where the peaks would

dam’s discharge. It would be more
read on a scale located several
be laminated.
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Annex — Daily data
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O04-Feb-89 189.95 4,387 &.5
OE-Feb—89 1B89.95 4,707 bH.5
OL—-Feb-EBEF 189,395 4,387 6.5
0O7-Febh-89 189.95 4,387 H£.5
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O -Mar—-29 189.52 q, 154,20 100,38
O —-Mar —S8F 1e9 .49 4., 1s4, 07 T&LE
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1 INTRODLETION
1.1 Data

1.1.1 Meteorociogical stations

In this report, climatic parameters are presented and analyzed for the
period from Jamuary 1986 to December 1989 for the following meteorological
stations:

- the upper basin:
~ Mahina, Mali (Direction du Service Météorologique du Mali)

- the valley from Bakel to Podor:
- Bakel, Sernegal (ASECNA, Dir. de 1l exploitation météorologigue)
- Matam, Senegal "
- Podor, Senegal

- the delta:
~ Rigchard Toll, S5enegal (Compagnie Sucriére Séndgalaise)
— S5t. Louis, Senegal (ASECNA}

The stations are operated by the organizations indicated in parentheses.
1.1.2 Parameters analyzed
The following parameters are analyzed inm this report:

- temperature

- relative humidity

- wind speed

- insclation

- rainfall

- evaporation and evapotranspiration (calculated with the Penman
equation)

- evaporation measured with the Piche evaporometer and "Class A" pan

1.1.3 Data collection

Most of the data were collected by the personnel of the Groundwater
Project, Missing data, for the period from Jarnuary 1984 tc December 19689,
were coliected by the author in collaboration with ASECNA  and the 55, The
author noticed some guestionable data among those collected by the project.
These questionable values were replaced with average values when it was not
possible to verify them,

The data which were collected and analyzed are  the monthly averages
recorded at each station. All the aralyzed values are attached to this
report.

The text of this report contains tables of the average monthly climatic
parameters for the 48 month period 1986—-1789, as well as  graphics developed
from these values.
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1.2 Evaporation — Evapotranspiration
1.2.1 Pernman equation

The equation used here to sstimate the rates of evaporation from an open
water surface and potential evapotranspiration (reference crop: grass) is that
developed by Penman, as recommended by the Fﬂﬂf. The coefficients used to
estimate global radiation are in accordance, with those determined for various
stations in the valley of the Semegal Rivert.

For the interested reader, the calculation tables attached to this
report indicate all the coefficients values wused for each month., The tables
also indicate the relative importance of the energy and asercdynamic terms in
the total evapotranspiration rates.

1.2.2 Piche evaporometer

all the metecrological stations, except for the ome at Richard Toll, are
equipped with Piche evaporometers. The monthly evaporation measured with
these instruments is indicated in the following table but no analysis is made
because the correlation between these values and the real evaporation rate is
too poor. The Piche evaporometer is insensitive to insolation since it is
installed in a wventilated shelter. It is especially sensitive to relative
bumidity of the air, thus not very significant in  this region where the
evaporation caused by radiation 1s high. The figure below indicates the
evaporation measured with the Piche instrument at Mahima with respect to the
calculated rate for the same place: it is overestimated during the diry season
and under estimated during the rainy season.
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l Frére, M. et Popov, G.F., Surveillance agrométécrologique pour la
prévision des récpltes, Etude FAD: production végétale et protection des
plantes, #17, Rome 1979.

2 Rijks, D.A., 1976. Agrométéorologie. AGPS/REG 114, Rapport technique 2.
FAO, Rome.
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1.2.3 Class A evaporation pan

Evaporation pans are not ssead in 31] the metecrolocical statiome ir the
valriey. Lata “Tor the entire period exist for the station at Richard Toill
only. Data exist for part of the pericd for the stations at 5t. Louis, Podor
arnd Bakel., Therefore, no analysis of these data was made. The figure below
indicates the correlation between the evaporation rate measured with the pan
at Richard Toll and the calculated rate for the same place (calculated = 0.6 x
measured) .

EVAPO-RAT | ON-TRANSPIRAT ION, RICH. TOLL
PENMAN A BAC~-PAN, 13001908
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2 THE PPER BRSIN

The Malian Meteorological Service (Direction du Service Métécrolcqmue
o valic proylded the morthly average climagtic Fatz veasorsed gt Mati-mg 500
kilometers frz:m the sea) during the period from January 1986 to December 1969.
The table below indicates the average mortthly values for the period.

METED: #¥iiNg SOURLE: DIRECTION DH SERYICE METELROLOBIALE, MAL!
LATy 13,7 ALT: 100 %ETERS ESTINGTED

THIN THAY O THIY T M- RMGAEL, VENT EVP'N EVAPN  PLIGE JOLRS de INSOLA-  INSOLA- EWPOTRANG- EViFD-

TG THIN RELHN, W I B *A* totale pluje  TIN  THN PIRATIHN RATION

Wyen  soyen  aOven  soven  Moyen  soyen  rosetre Class A RAIN DAYS of  totale PENYM PR

MIIS/N average erage average aversge average average  PIOE fan  FAL  rain heures hres!i'r totaie  {totale

/YR Ceis,  Cels, Cels.  CLels, /5 - ] o irsfdays hours hours/da ae "
I8 13.3 3.1 4.2 17.8 328 2.8 el i 0.6 00 230.0 74 183.7 1937
FEB 1.7 5.8 2.4 7.9 234 3.2 2.5 H 0.0 0.9 20,6 1.5 a4 N7
MR 4.2 39.4 0.3 18,2 2.5 3.0 78,2 i 8,0 2.0 %0.4 8.1 723 B
R 253 42,2 .9 16,7 2.7 34 4271 H .7 1.0 i) 7.4 H2.§ A4
MY 7.5 4.9 M2 i3.4 3.3 33 .3 { 2.5 4.3 212.8 4.9 B0 B4
AN 2.8 3.2 na 1.3 3.3 5.1 1%9.8 | 1.7 8.8 199.2 L%} 4.4 23
L 8 3.9 3.3 2.7 7.7 72,3 3.2 8.1 i 70,7 133 199.4 .1 159.0 1850
A6 3.2 3.2 7.2 8.0 79,9 27 8.3 1 eI B LN 162.7 %l 13%.4 18,5
8P .2 32.% 28.1 7.8 78.3 7.4 &0 1 7L,y 120 186.3 b.2 2.y 1.0

T b8 35.0 A.7 12.3 M1 2.4 .7 H 4.0 3.0 0.4 1.2 1%.7 1804
Ny 1.3 T8 26,4 8.4 3.8 2.3 159.6 ] 0.0 2.9 FARS: 7.1 8.2 182.8
EC 4.0 4.2 4.1 2.2 B9 2.4 23,0 H 0.0 0.0 2i.4 7.3 1773 80

ToT&L izl 14 0 iy A1 W3

2.1 Air temperature

The figure below iIndicates the average minimum, average maximum  and
average (Tmin+Tmax)/2, temperatures at Mahina for the period. ke note  that
April  and May are  the warmest months of the year and December the coolest
month, We note also  that the difference between the average minimum and the
average maximum temperatures 1s large from October to June. The difference is
reduced during the rainy season when the relative humidity of  the air
increases.

TEMPERATURES, MAHINA, 1986- 1989
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MHIN EWPl-
PtRA- PSYCH-  RAY.50L. INS.ASTR, RATID  RAD'N TORPS MOIR WP,0AT, WP.ACT.  RAD'N  RAD'N  COEFF.  AERGDY- EWPOTRANS RATION
KR NETRIGUE 1| ) | IGOL'N  RECY BCACK BODY SAT'D WP ACTUAL WP ENISE METTE VEXT  NANIGE FIRATION eau libre
: CONST. SOLAR RAD'N INGOL'N REC'D  RAD'N  TENS,-PRES.TONS,-PRES. EMITIED  NET NID  NAMIC  POTENT'L free water
' STATYT  Baisie Saisie Saisie Calcul Caleul Caloul  Saisie Caleul Caloul  Caloul  Saisie Calcul  Caleul Caleud
STATUS  Measured  Measured Measured Calcul'd Caleul’d Caleul'd Heasared Paleul'd  Caleul'd Calcul'd Measured Caleul” d Caleul'd Calcu] 4
WYMECLIS Deltatamma A N nN Bl 5714 £ t Ed,0/N 9,25 Ea,Fd, &

. UNITE  sans/none  sa M0 hres/hourssans/none a4 W20 s HZO miliibars ailiibars s HXO -rﬁﬂ sars R -qu nHzﬂ

» .

Jan86 2,48 12.41 I oA .8 1510 26,93 7.8 2,89 L2 08 L8 &N 1.02
Feb-8b 2. 13.42 1.6 078 L1 1% 32,64 8.8 3.13 LB N N 7.0 1.3
Rar-84 3.8 14,8y 12,0 078 3.8 lhaét 4.0 6.97 3N L 08 T .U 9,60
Apr-84 4.4 13,63 2.3 0. 53 1.8 2.8 1.5 2.8 28 M a2 W LY
May-84 .13 15.83 2.8 G4 L7 1A 8.3 .8 1.4 37 aM 409 T.4 B.04
Jun-86 L% 13,70 130 0% £ 40 .30 24.63 L4t 3.8 04 LA [0y 7.9
Jul-B4 3. .72 12,y 0% L8 1627 R 2659 1.0 4 0. 143 313 4,01
Aug-5 3.2 13.43 1.0 0.48 3% 166 3.3 . 0.97 I 0¥ LA 471 .80
Sep-84 307 15.44 2.2 0.8 L 1% .43 25,83 0.%8 L% A Lls L3 5.32
Oct-86 1.4 1,12 1.8 0.83 830 A3 3.3 28.78 1,28 i 0M LT 4.83 5.48
Nov-85 an 12,04 1Ly 8K ATt X | 3.03 LN 1.94 192 089 32 3.3 .
Dec-gb 2,39 2.0 .2 L% 4 15T 2.2 11,59 2.0 8 0.l 4 .47 5.8
Jan-87 .1 12,4 13 A6 .9 1Ly 30.73 2,61 .23 Leh 089 13§ 30 043
Feb87 4 13.82 e 0.8 .48 616 38,31 10,93 2.82 LB 0B LM 7.2 7.8
Mar-87 3,83 14.89 12 0.7 L1200 1670 4.9 .3 347 LY 089 800 8.00 2.43
Apr-87 4.3 19.65 2.3 0. 491 L.e .18 11.26 2.43 247 0.8 T 04 1048
May-87 4,71 15.83 128 0.8 L4 1181 36.04 1,40 1.9 e 0.8 39 3.07 9.43
Jun~87 4,03 13,70 130 0.48 £63 1114 47,03 2386 L] e 0¥ LZ 470 1.3
Jul-87 331 15.72 129 93 L 1632 40.06 7.4 1,01 i 0¥ LW .87 473
Aug87 MY 15,63 1246 0.4 4,12 1a.M .16 23,51 0.1 1 63 LN .72 5.3
Sep-87 3.9% 13,14 12,2 0% 7% L1708 5.7 32,04 0.89 B 0 L7 5.82 6,
Jet-97 3.8 14,12 1.8 0.3 4.3 164 41.01 2.5 1,18 LI & 2.3 5.8 6,15
Nov-87 LM 12,84 e 0.7 419 bk 34,3 13,70 243 206 0B LU 6.40 6.8
Dec-87 2.9 12,42 L2 0.4 L B L v} R.2 10.% 2.5 LY 08 W 4,83 7.12
Jan-88 3.06 2.4 w3 R LB L 2 11,9 .24 L ¥ L4 5.94 4,22
Feb-B8 327 13,62 e 0.3 i b B.H 8.43 2.29 63 07 1% .90 .97
Yar-08 109 14.89 2.0 0% L1 NN 47,83 11,9 8 3 A S (N Y B\ 9,35 %.47
Aor-8 4,5 13,85 23 0.8 547 .11 11,36 2.89 24 0.8 1 0y 1.5
Kay-B8 471 15.83 128 o4 54 1786 56,24 16,87 2.3 2 07 4% 1003 1038
Jun-68 3.9 15,70 3.0 0.8 4,60 197 43.1% 26,56 1.09 S S 5 B b3 1.25
Jul-88 3.47 13,72 2.y 0¥ W 1609 3.4 26,74 280 L oM Le 4.58 a4
Aug-83 312 15,60 26 0.3 RN 69 33.04 3,73 6.7 2 LM 0% .18 5.02
Sep-58 3.2 15.14 122 0.8 .28 b4 3.3 .31 0.92 % o8 L 443 58
Oct-83 3.42 14,12 1.8 0.6 a0 1640 3.9 .47 LB 3.7 0.8 L.88 313 8.401
Nov-88 .97 12,8 1.4 0.8 440 15.81 3303 .18 2.0 210 48 L7 BV 5
Dec-88 2.4 12,02 1.2 47 9 %18 7% 3.11 i 12 08 1% 5.4l 3.45
Jan-89 2.5 12,41 i3 0.6k es 13 .13 8.6 2.8 24 089 480 5.4 5,3
Feb-39 3.01 13.62 e 0.8 LIVAR -1 3.1 L 2.6 O I 1,01 8.2
Nar-89 3,65 LR 12,0 0.7 501 Lh.a% 41.% 9.3 2.5 26 0B 438 8.4 £.87
fipr-89 i 15.43 12.3 1 1 1 1 ! ! ! t ! 1
Ray-99 .55 15.83 12,8 0.63 538 A W11 18.40 2,43 5 07 &3 .57 10,17
Jun-89 3.9 13,70 3.4 0 L7 11,03 5.0 24.59 1.8 &7 0 LB 6.83 157
dul-B9 3.14 15,72 12, 4.3 4,52 1503 38,24 26,78 1.y 348 oM L% 4.3 579
Aug-89 3.4 13,85 126 0.4 L1 b S 2.9 0,80 0 I B ] 4.3 bR |
Sep-89 319 15,14 2.2 0% LIt | 33.87 2.9 0.9 LT N YY) 4,37 3,48
Oct-39 3.3 i4.12 118 48 L8 18l 38.03 2.1 L2 L2 e LK 4.83 5.9
Nov-89 3. 14 12.84 14 0.8 3.8 16 35.24 8.8 1.67 X2 Nl LN W72 6,233
Dec -89 2.80 12,02 1.2 0.4 L e 30,53 15.43 1.9 L I N . 3 5.89
NIN 2.4 222 LA % 347 150 .93 5.%7 0.70 L2 ud 0% 1.18 j.2
A /AVE 343 4.4 12,10 037 §.42  1hM R 18.71 L& 260 072 W b.55 7.4
) 471 1583 L3 R 4 179 5.8 2.4 39 1.8 08 842 w® LY

COMSTAWTES ET COEFFICIENTS UTILISEES - CONSTANTS AND COEFFICIENTS USED

Albedn = 0,25 {evapntranspiratim), 0,050 fevapcration)
, Coefficient "a" = 0,29 : radiation terme; (2 + bIn/N}
Coefficient "»" = 0,42 : radistion terse; (3 + bin/N)
Coefficient du Vent - Wind = Tire ge (read from) Table, P.40, Para.2.], FAC 1979
Ra = Tire de {read fros! Tabie i, P. 440 | FAD 1979
N = Tire de {read from) Table 2, P, 4, FAQ 1979
Ea = Tire de (read from) Table 7, P. 53 FA) 1579
£d = Calcul: Ea ¢ tus., FAD 1979, P, 42 Pary 5, Nate 42
sTké = Calcuis 10, J1E-B 3 {Te + 2‘}3!“4
Deltafamsa = Tire de {read from) Table 10, P.38, FAG 1§79
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