_Syﬁbol Materials

_— Clay, Silt

Sand (fine sand, medium sand, coarae sand}

L] O'v + .

oLt o Gravel

% . Laterite’’

=== Sandy Shale g\,{ {Crystalline) Shist

T Alt. of Sand and Shale h;{: " Gneiss

:h{: Sandy Clay - I AAAA

T v Y :53:: Quartzite
Clayey Sand ' :;; Meta. Gabbro

i Limestone {(and Marl) i:ti Pegmatite

} S el il . . '

frt3  Marl (Marly Shal s

i v ale) % KX Granite

Casing Program

- ~ Cement -i 'iﬁx\x\t“\\ Cement .
grouting N ff\\i\\\ grouting

=
/

AR Gravel
NP
packing
_ Blind Cement basket’
é//t//’casing

. Blind casing

i
1

Sand-gravel

: " Open borehole
12— packing g

Al

i,,/”L’/ Screefi frpfi,fa,’75preen

~%— 'g,W.L : Static Water Level

— P.W.L : Dynamic Water Level

Gravel slze ~> Sedimentary area :¢ 1 to 2 mm
Basement Rock area :¢ 2 to 3 mm
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- Fig. 6-20;Lithologic and Geophysical Log of Groundwater Fxploration Well

Village : Tunga Ardo No. | (T/D) :
. sp Resis fivity Gomrma
Depth | Symbot Color Strata Casing o Conon? ' terad
tm) Description  [progrom v
el EE W= Sand and Clay
e _‘—_'\_Red‘bmm Top Soil)
-; —Z-: Brown ~
0 ' oo Yellow-bresn
R Sand and Clay | ¥
- —— —
20_] I Yellow g
e e L] £
2400 = * s :
b Dark-yellow .
270 ~ork-grom
30
n Weathered Schist .
Yellow ~Green =
40_| =
Fes
. ] €
£
480 o tead
50 ] =
v
T H=
. e
Eo—
Black Fresh Schist
T0_,
K
g
80 N
840
90_ 22
100 _ k 123
1o _|
120_|
130
140 _|
150

6—-61




Fig. 6-20 Lithologic and Geophysical Log of Groundwater Lixploration Well

Village : Ruwan Bore  No.4 (T/D)
. SpP Rasis tivity Gamma
Depth  [Symbol|  Coler Strato Cosing —_— Connmd fennt
ten) Dascription progrom} - '
'___ a 2, B._GK 1.2 1.8 a 20 43 L] 8o
= Sand and Clay A et
aol— 7| Red-brown {Top Soil)
viiiael Grey Mica Sand
o |25 e
20 Black
150 Yel low-brown
8.0 Black
20 |
Yellow-brovn _
250 . .
250 Black Yeathered Schist
290
L "~ “Black
_'0 ‘f_ellcvw—grey ~Grey
A Black | L,
40 Yellow-brown ="y
440
] Black
480 o
50| : @
52, Dark grey 8
1 ss0 Black “
[+ Grey z :.:-mn
o N Biack | Partially _ =
e Groy Weathered Schist | =5
GED . . Black - =
) \__Grey =
690 Black =
o 7I:G __lrey §=’9-'
13.9 —h_ Black b=
f i =\ Grey - e
8 \ Black
- Grey
801200 | Black _ |——————
29 Grey
| 84,0 \ " Black Fresh Schist
Grey
. 80 _| 92
100_|
110 _|
12Q._]
130_]
140 |
150




Fig. 6-20' Lithologic and Geophysical Log of Groundwater Txploration Well

Village : Ruwan Bore No.4  (T/W) _
_ . sp Rasis tivity Gamma
Depth . [Symbol Color Strate Cosing saam tahn_nl tepa
{m) Pescription  |program . L
0 0 | kF—— ,_,_la P 2B 1.2% LN - B A 43 L1} 82
-« | Broin Sand and _C%a.y 0
as « —+~p~Yellow brom op Soil
)
B - Yellow-browm -
1 s : Weathered Schist
zo_:w ! Black ~Dark gveen
22 Yellow-brown
' Bl
1 0 ach
280 Brown
0. 300 Black
1.0 Brown
Black o
40 %
7 3
430 :
450 Grey
50 | Partialy -
¥eathered Schist ézm
5 —— =
Black e
=
$0_} =
$500~54n  Soft | ¥[T i
[e:10)
70_j_700 Grey
r——{7a.1
] F=i%.7
80_| Black 50
o Em )
90_] 900
t00_|
110_|
120._|
130
190 _|
150




Fig. 6-20 Lithologic and 'Geophysical Log of Groundwater Exploration Well

Village : Dauran, No.7 {T/wW)
' 5P Resis tivity Gammo
Depth Symbol Color Strata Casing sore Fonm_r ters
(my ! . Description program
},_____? L3 L14 (3.9 "™ B 8 482 [ 4] ae
Lo Yellow-b Sand and Clay
| oo (Fop Soil}
gol. . - .. Grey Mica Sand
10 _| I )
20 Dark blue Schist
+ + o+ -
. WTety| Brom Pegmatite X
| sl *_t 3
20_| . =
: 4
. b ik
| Dark blue Schist gw 1
. z
30._{ 300 :
. - tzi
B Yellow-brown Quartzite
a0 | a0 >~ | Yellow-browm . Gneiss
. e Grey Greiss
- I
azol + + Terk groy | Meta Gabbro
o e QTN Vellow Pegmatite -
A~ N\_ Dark grey Greiss £
so |—a29l 2 A\ ¥hite-grey Quartzite S
f\-_r\\_Dark grey Gneiss slelt,
S53.01 7 Yellow Pegmatite HR=
=5 7o)\ Uark grey Greiss. | 3| F 5
~ —~h___Yellow Pegmatite” | $| ¥ Fisad
so |29 — Grey Gneiss
_:@o’: E N Tark @6y | 7 Veta Gabbro | »
. —~ ‘Dark grey Gneiss .g
| b~ Dack erey ™| Weta Gabbra | §
T T o
~~ . £
7o |7 Dark grey Greiss” 3
730 I _ Y
1 seole—=—1 Yellow-brown Quartzite
o8| Dark BreY Greiss .
-80_| —~_—h\_Dark grey Meta Gabbr | =
N Grey tneiss &
840~ - .
80_| s

110 ]




Fig. 6-20 Lithologic and Geophysical Log of Groundwatei‘ Fxploration Well

Village : Yambuki Ne.8  {(T/D)
. sP Resis tivily Gamma
Dspth Symbol Color Strato Casing 122
tm) Description program
1.0} T s — Sa.nd = n
1T Yel low-brown (Top soil
+ +
AL Granite
o4+
0 w1t e | Yellow-brown | with Pegmatite
+ +
++++_:1- sHard
] + o+ 4+
+ o+ ©
180+ + +F . g
20| 200[ "~ ™~ Black Gneiss £
pi o~ Yellow-brown Granite | ©
N Grey Gneiss z
4 oeol+ + + M\ Yellow-brown Granite
~ Black (neiss
30 ! 300{-~. . |\ Yellow-brosn Granite .
~ Grey Gneiss
T B o
I ————tJYellow-brown Granite L,
™ —
20 —~ e~ Black Gneiss =
- a10] =, .J
- a30|+ + +{ Yellow-brown (ranite
.~ T
-~ Black Gneiss L
s0 | 82910t : HE
K 3 3 o ~ T v
-t Yellow-brown Granite § :,
—~ =520
~— —
] ~~ BE=2
e Black Greiss 3| F=ses
60_| I 5
62.0|—~ a <
53,0+ _F & - Y
] gy Yellow-brown Granite £
P —_
T T ‘E
L © Y]
T0_] e i o =
PR . Black Gnelss =ﬁ E
L ~ fres
- T~ T
T
8.0~ -~
80 | + 4+ + ] R
+ ot Dark pink Granite
agl T + + i
) e T
~I~|  Black Gneiss
L
$0 2001~ 32
ICO._|
A
1o}
120 |
130}
140_|
130
6-558




Fig. 6-20 Lithologic and Geophysical Log of Groundwater Ixploration Well

Village : Yombuki No.8 (T/W) o
5@ Fasis tivity Gamma
Depth Symbol Cotor S!FOTG‘ Casing 220my (ana_nt Ceret
Description program| - .
( m} i___ 1] 1K Fid K 4w a 23 48 43 a2
g - Sand and Clay 3 ' 4 '
aoh | Yeltowrbrowm | Mmoot |
L ~~
~~
Cam L -]
0] ~ Grey Gneiss I § 5
: f\f\/\ T .
150) = 1 ' ]
) “ﬁl: - Light green Gneiss "“2-
+ =.- - ; ——
+ o+ v
20_| o] Brosm _ Pegratite §
:%0 Dark grey Gneiss a
[«] 1 S T
] —~ o~ Broin Pegmatite ‘é
:ﬁ{’.."., Dark grey {inglss - £
o \ [ight green Quartzite o
30 3001% * tNfark grey | Gneiss ™4
— T\ Yellw Pegnatite
d a0l 0| Dark mrey Gneiss
:OL+ + + Yellow Pegnatite -
so_ RIS Dark grey Gneiss |
~ —~P\ . Yellow Pegmtite L
—~ o o g
i — Dark grey Gneiss z
_ 47 0] —~— -~ X ..
" EXES +,_t\‘{%110: ~brown _Pég?st;te > =
= + + + ark grey | H =
: et H=
* . F | Yellow-brown Pegmatite A=}
1 5601+ + T )
. -
50 | T 7
T2 Dark grey Gneiss -
~ E
. L =
Caia R N ‘E:
690~ —~ z%
e et : Pegmatite =
T PR Yellow-brown | - : =
e Fa— Dark grey _ Greiss
o White-gre: {iranite
60 790l -+ * wte-grey ue
—RESes- . Dark grey Gneiss
+ + H . i
el ol e | e
P Brey L
+
0 Tt . —
+ + + [
1.++++ White-grey Granite = o
i L e
o FRER £
+hty 2
100Q_| r 4
ool + +
] i
E::z H
110 : R
120
130_|
140 _|
150




Fig. 6-20 Lithologic and Geophysical Log of Groundwater xploration Well

Village : Moga

No. 10 {T/D) .
. 1 Rasis tivity Gemma
Depth . Symboi Color Strota CGSiﬂQ 32aY {ahm ad feps)
{mi Description program| - . :
}__-'______‘B 2.4 B.8K 1.0 1.8 -] 28 48 L.1) {33
= ped-brow Sand and Silt
o] T {Top Soil)
b~
: : - ¥eathered
20_ — Yellow-broam Quartzite
230 .
Yellowbrom | ¢ ctalline Schist
) 300 o .
' |Lsaglmn] Yellowtrom | Weathered
40
Partially gu
4 ) Yeathered ki
Crystalline :
. Dark green - Schist
60—-
70| 700 : s
o] Light. [Partially Weathered | St=m.0
7500 yellow:brosn Cuartzite =
—— N 7ol
Partially Weathered
80 Dark green | grocralline Schist
84.0 '
20 | a8
icD_} 123
—_——
1o_|
120_|
130
140_]
150
6—-57




Fig. 6-20 Lithologic and Geophysical Log of Groundwater Xxploration Well

Village : Maga No. IO {T/W) _
5P Resis tivity Gammao
Depth . Symbol Coilor Strota Casing | spEay Lohn.AY Ceped
{m} : Description progrom| - '
’ [, LA L R S B 3 722 12 L3 1]
=T Sand and Silt T
77 -7 Red-brown “{Top Soil)
[7+)
g0l Red-browm Hlightly ¥eathered
ol tQuartzite
——— Red-brown Highly Weathered
J I Crystalline Schist
18.0 i
20 |
1 — Veathered
30 Crystalline Schist
Yellow-brown .
4 #¥eall Collapse
40 _ ©
_ E___#a{w
=
4. =M
48.0 _ _ :
50 i = l;e%zw_ Partially Weathered
52 : TEreen Quartzite
- “#flard rock
T
60| .
Dark green~; |Partially ¥eathered
; Yellow-broan | Crystalline Schist
70_|
80_]
84.0
1 860 Yellow-browm | - Weathered
Crystalline Schist| 2
$0_ STy .
—= Light Partially i
l = yellow-green, | Weathered Ouartzite
100_] T
{ 6.0
1o ] 1 -
Partially Weathered
j 1 Dark green | Crystalline Schist
3
120_| E
. . o
123. . Eiusg
4 Light Yeathered Quartzite gé
N L B
. - Partially Weathered
135.0 Dar's green Crystalline Schist
=——t]Yellow.white “|Partially Weathered
o 138,01 = ~Clear | Quartzite .
150




Ruwon Bo 17D

Ruwan Bore N

84m , 49 &min
[Wm ¢ 10 &/min

Top weathered 2008 (brown colored)

screen 36,0~ 20701, 56.02-6d%04, 786~ 7407
S4m': 14 f/min, BAm1 18 &7min Tola ! 42 Mpnd
D
_Ru::’an QJ!B:LEI N?c?ee.: sd%~680, 7§bs—rik0, a2l
m, [ o A . 1 .
5012 Lpyn T2-73 42 #min. 86T Lanin}
Totql 168 #/min

Top soil

Quariz Velng
B Frociyres

< Partial weothered zone .
[ ¥ {Eractured Schists) -
’ -

. ‘ -~

Brawn -

/bocky .
quar iz e’

—

Fractures % 3400
{11500
Fresh Basement fi-m
Rocks Fresh Basement Rocks.
[ Schisis) (Faull or ) A a750 (Schists) -
: 7 _m {N35°~50°F
Fractured IOI"’IB‘ /?/,’/) m (SODN‘}OUSE
Z |- ‘
‘/f/%’ 18000
%
Hydrogeologicat Section of Ruwan Bore Area
100 .

200m

Tig. 6-21 Schematic Cross Section of the Basement Complex Area




The additional observation of core samples and/or drill cuttings and
the periodical checking of the yield of water discharged from the
drilling hole are very important to determine screen position and
screen size. On this point, down-the-hole hammer drilling is
strongly recommended for good d_rilling results in the basement

complex area.
{Sedimentary area)

Litholegic and geophysical logs of the test boreholes and wells drilled
in the sedimentary area are given in Figure 6-22.

@ In the sedimentary area, a tentative general area selection for
groundwater dévelopinent based on specific capacity maps is an
effective way to obtain good results (Figure 4-3). As for specific
drilling site selection within the area, to base it on ‘hydrogeological
reconnaissance and existing borehole data, such as shown in
Figures 6-23 and 6-24, is an effeclive way to determine detailed
geophysical prospecting survey plans and tentative drilling plans.

@ Carrying out of observation of core samples and carrying out of
geophysical logging using a Geologer 3030-type survey meter are
very useful ways to detect aquifers and aquifuges, and to determine
screen position and screen size.
in the Sokoto sedimentary basin, natural gamma ray mtensxty of
less than 5cps and electrical resistivity (long normal) of more than
150§9-m were observed and taken to indicate good aquifers (Figure
6-22).



fig. 6-22 Lithologic and Geophysical Log of Groundwater Exploration Well

Village : Horo Birni  No.23 {T/D}
' 5P Resis tivity Gammao
Depth . |Symbot Cotor Strato Casing 0em P o
{m} Description program{ - N
B |__ __lﬂ Tha 402 Saa B ] 1% 28 pI] 43
20) Red Laterite
10 -
= 7| ¥hite-grey Clay
20— Pt X _:-._.,. ._. . .
; -7 =1 ¥ite Clay
o) o0
sl thite-grey - Medium Sand
40| v o]
aaolit i,
%0 ¥hite-grey Fine Sand
sol o
ac I RPN Alternation of
S5 phite-grey | Sond and Clay
P E
70 - =
TR20F v cm — § E
‘ H=
b=
3=
B0 _| . {¥White-yellow | : =
| ~Lightopink | gine~dedium Sand
20_|
22¢] DA
ST Black Sandy Shale
100 — == : -
05— — =
110 ] Lz
. * - Alternation of
120 ] Lo Grey _ iSand and Shale o
. £
T 8
130_} P 119
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Fig. 6-22 Lithologic and Geophysical Log of Groundwater Wxploration Well
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Fig. 6-2 Lithelogic and Geophysical Log of Groundwater Bxploration Well

Village : Soro No.34 (T/W)
SP Resis fivity - Gamma
Depth Symbol Color Strota Casing e tohm_n) te)
{m) Description  |program| - .
, Yellov. |  Fine Sand
50
o | Brom Laterite
1300/ :
d ol — | Yellow-brosn | . Clay
20 - - - |Yellow-brown~| Altemation of
Z 2] Brosn | laterite and Clay
2501 . .
. | Vhite-grey Clay
28| — -
40—1
CLTL T Yellowgrey Fine Sand
50 |
520 .
d ssol - — Grey Clay
] il
70 Lol ] Yellos-grey Medium Sand
80| NN
71, I .
T 0 U] Dark-blue Alternation of
esol— - - ~{rey Sand and Clay
20 | ==
4 — .7 | Phite-grey Clay
oo L 1000} T —
L L1
_ I
L T_ Alternation of
1
Ho L1 Limestone
11 .
||
T and Limeclay
11
120 1T o
| 1 £
- = = o
2agl L T, .
B —_— — LF-]
130_] T
— _ =] Dark blue Clay
140 | : - : 1 i
] -7 |
1480 . . ' i
150 | 1so0]__ .1 " Dark blue Clay with Sand [ey

6--63



Fig. 6-22Lithologic and Geophysical Log of Groundwater Exploration Well
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6-2-4

Pulhping tests

Five (5) test drilling holes and seven (7) test wells were drilled in the

basement complex and sedimentary areas in order to obtain aquifer
properties, : :

The step drawdown, the constant rate, and the recd‘iery tests were carried
out at seven test wells (boreholes) using a submersible motor pump. The
number of steps, the duration of pumping, and other pumping conditions
were as follows: -

(1) Step drawdown fest

During the test, the pumping rate was increased in five steps at regular
intervals.

The pumping rate at each interval was based on the preliminary
pumping test.

The duration of pu;mpmg at each step was three (3) hours.

Q) Constant rate test

This test was carned out after the step drawdown test when the water
" level recovered to nearly the original static level. The constant pumping

rate was determined based on the results of the step drawdown test.

The duration of pumpmg was forty eight (48) hours.

(3) Recovery test

'Recovery time measurement was carried out at regular intervals for
twenty four (24) hours after constant rate pumping was stopped.

In addition to the normal pumping tests at the boreholes mentioned
above, air lift pumping tesis were carried out at five (5) test drilling
holes.

Summary drawings of test wells and test drilling holes are shown in
Figure 6-19,



6-2-5

Time drawdown and time recovery measurements were plotted on log and
semi-log graph paper in order to calculate transmissivity, permeability,
and storage coefficients.

Methods of snalysis used in this Study were Theis and Jacob, which are
applicable to confined aquifers in unsteady state conditions.

Table 6-10 summarizes aquifer parameters calculated through the various
techniques.

Chemical qﬁali.ty fest

In order to study chemical components of water, samples taken from test

wells were analyzed in a laboratory.

Table 6-11 shows concentrations of principal io_ns contained in the water. A
trilinear diagram and a pattern diagram showing'the' chemical component
of the water are drawn from the results (Figures 6-25, 6-26). As is evident
from the diagrams, most of the watef is a calcium, magnesium -
bicarbonate type except for the wa_ter at Ruwan- Bore which is a sodium -
bicarbonate type. The total dissolved solid (TDS) ranges from a low of
42.7mg/¢ at Kukakogo to a high of 1200mg/€ at Dauran. TDS at Dauran is
excessively high compared with the other waters,

The TDS of water obtained in the basement complex area has a range of
more than 200mg/¢ except Maga, however it has a range of 'less than
50mg/€ in the sedimentary area. '
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Table6-11 Ion conip_onent of‘wa't.er samples

RUKAKOGO

RUWAN

N O | DAURAN | HORD MAGA SORO |TUNGA | YAN BUKE
BIRND BORE ARDO .

10N o
€l (mg/8) 64.5 1.7 .8 | 1.4 11.5 1.2 | 10.3 5.9
HCOs~  (mg/2)| 354 18.3 33.3 | 8.9 | 469 3.5 | 569 670
S0 (mg/8) 14.5 1.9 171 2.2 3.3 | 6.0 3.8 35.9
F~  (me/2) 0.18 0.01 0.06 0.10 0.52 | 0.08 0.17 |  0.35
Na* (mg/2) 83.1 7.11 | - 4,03} 5.74 41.8 1.63 | 44.7 35.2
K*  (mes/0) 49| 125 | 441 ] 364 | 159 | 100 | ti1z| 762
Mgt (me/8)] 46.1 2.3 1.1 9.6 6.0 3.1 23.2 22.1
Ca'* - (mg/ L) 171 4.1 0.8 5.4 27.0 2.1 28,2 4.3
Si0:  (=g/8) 58.7 10,7 12,0 26.7 3.3 | 12.0 | 33.0 40.3
T.D. S (meg/0) 1200 70.7 99,3 263 40.0 334 443

42,7
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6-3 Additional Experimental Survey in the Basement Area

An additional detailed hydrogeological survey was carried out in Zugu, one of
the candidate villages included in the basement complex area. The purpose of
this survey work was:

- - tobrush up the hydrogeological survey inethodology

- to introduce the method of seismic refraction in hydrogeologic
investigation,

. to review the method of site selection for the drilling based on the
comprehensive analyses of all of the results including every different
survey, and '

~ to establish the appropriate guideline for the groundwater investigation,
particulary in the basement complex area, a so-called difficulf area.

6-3-1 Survey methodology

In order to accomplish the ahove-mentioned purpose, the following activities

were undertaken ;
- Hydrogeological field reconnaissance with remote sensing -

- Survey line fixing work (checkerboard pattern with 100m intervals), and |
arevision of the fopographic map prepared in the previous stage

- Transient electro-magnetic (TEM) survey and its rough analysis

- Electric resistivity sounding, the field operations involved, the resistivity
classification by depth, and preparation of the iso-depth map of fresh
bedrock, which established the major basis for determination of the
drilling points

- Seismic refraction survey, the field operations involved and the
explanation of the principle and analytic procedures.

- Test well construction and pumping test to confirm the lithologic
formation and yielding capacity of the wells



The location of above survey and drilling points is represented in Figure 6-27.

6-3-2 Survey results

The contents of the work are tabulated in the folloWing table, and the detailed
findings/results of the work of each survey are as follows.

Table 6-12 The additional hydrogeological survey conducted in Zugu

Amount

Work Item
LANDSAT image analysis 1 scene of pan-chro moede image
covering 400km?2 '
Remote sensing '
Aerial photograph 1 pair of photographs covering about 20
interpretation km? '

Hydrogeological field reconna_issaﬁce

The village and its surroundings, 3km?

Survey line setti:ig

Checkerboard pattern with 100m
intervals, 1.02km?

Electric resistivity sounding

77 points with max. depth of 200m,
with average at 180m

Geophysical - : . .
. Transient electro-magnetic | 2 transmitting loops, each with 30
prospecting Co )
. survey receiving points .
o ) 2 lines, total length 545m, with 5m
Seismic refraction survey oL,
' detection intervals
No.1 drill.ing and pumping 130m and 120m driling with 4”casing,
Test drilling and test Hand pump setling
pumping test '

No.2 .drilling and pumping
test




Fig.6-27 LOCATION OF THE SURVEY POINTS
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(1) Topographic features around Zugu Area

The village Zugu is situated on a peneplain, which widely extends north-
westward, near the confluence of the fwo rivers, one flowing from west to east
in the southern part of the village and the other from south to north in the

eastern part of the village.

Both of the rivers are accompanied by the so-called “fadama”, which is a flat
area with recent river deposits, at a width of 200 to 400m, near the village.

. The elevation difference between the village ground and the riverbed ranges
from 6 to 14m, and the edge of this peneplain is connected to the riverbed by a
gentle slope of a 2° to 7° inclination.

The wide fadama of the eastern side of the village extends more than 8 km to
the north (lower part), while it sharply narrows down near the village in the
south (upper stream SIde) The southern river of the village has a clear course
of river flow up to the portmn at the }nghway bridge, and a rapid water flow
carries soil and sand downstream in the ramy season. However, the flow
- course suddenly becomes unclear after crossing the highway, due to the
expansion of the flood plain from here, which is gradually assimilated to the

fadama.

The above topographic features are representéd in Figure 6-28, The contour
line of every 1m interval in this map shows the relative height, based on the
zero-meter height at the existing well (W2) at the village center.

(2) Hydrogeological features revealed through remote sensing and field geological
reconnaissance - '

@ - Results'of LANDSAT image and aero-photo interpretation

An extensive d1str1but10n of the quartmte belt in the area between Zugu
and Rijau, o the south of the concerned area, has a distinguished ridge
structure. and is cleariy observed on the LANDSAT image as a definite
and characteristic lineament extending in a NNW-SSE direction.

- However, dif'fering from the above-mentioned southern area, in Zugu and
. its surroundings, the lineament is not clear.



Fig. 6-28 GEOGRAPHICAL MAP OF ZUGU VILLAGE
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Especially in the eastern part of this area, no pafticular lineament of
quartzite is observed, and the direction of the minor and inconspicuous
lineaments which predominate are NNE-SSW and N-S.

On the other hand, in the western part of this area, the direction of the
lineament is NN'W-SSE, conforming with that of the above southern ares,
although the structura_l pattern is not so conspicuous as in the southern
area.

The lineaments of different directions in the eastern area suggest a
different composition of rocks, which it is likely to be predominantly meta
sediment rock. The same direction of lineaments without a distinguished
ridge structure suggests that the rocks in the western area are classified
'in the same group as those of the southern area but the composition is
predominanly meta-sediment rather than the typical alternation of

quartzite and metﬁa-sediment.'

A dxstmbutmn area of recent r1ver deposn; a so-called “fadama”, is also
visible on the LANDSAT i image and aerial phiotographs. A wide fadama
extending far down fo the lower part of the river is observed on the
eastern side of the village, but a wide fadama is not present at the
upstream side of this river near the village nor along the southern river
flowing from the west to east, which joins the eastern river near the
village. This distribution pattern of the fadama suggests a difference in
resistance of the basement rock by area against weathering and erosion,
that is to say, that the rocks beneath the fadama sediment were more
1ike1y eroded due to a higher degree of weathering than in other places.

A poor differential erosion suggested by inconspicuous lineament in the
eastern part of the area gives us a hint of a predommantly meta-sediment
rock distribution in the area, and also a hint of sediment-originated

_ quartzxte intercalated in meta- sediment. In addition to this, the
incontinuous distribution of the fadama suggests a highly weathered rock
beneath it. Consequently, the groundwater potential is predicted to be
hi.g'her- in the eastern area (along the fadama) than in the western area.
In addition another point of view suggesis higher probability of water

- recharge near the fadama.



The topographic and geological features interpreted from the LANDSAT
image and the aerial photographs are represented in Figure 6-29.

Results of hydrogeological field reconnaissance

The Slte is composed mam}y of serlclte schlst a meta-sediment 1ock and

,partlally of quartzite. Smce quartzite is observed to be 1ntercalated in
schist in a condition of alternatlon, this rock is pr esumed to orlglnate from
sediment, whereas it is usually found as a dyke or vein everywhere in the
basement complex area. -

Te schistosity of the rock strikes N-S to NNE-SSW conforming to the
direction of the photo-lineaments, with a regular variation of dipping in
accordance with a gentle folding str ucture, The part of gericite schist in
the alternation has many joints along the schmtos:tty, and it is easily
sepai'ated at the joints, while joirits are seldom seen in quartzite.

The ground surface of the peneplain. is known to be commonly compdsed of
a weathered crust covered with the lateritized soil. The peneplain in this
area, however, has sporadic outcmps of comparatwely fresh quartz1te and
- schist in the north and northwest, which suggest that the Weathermg
crust is thinner in the north and west than that in the south and
southeast.

The eastern half of the village is covered with the secondary deposits of
the weathered rocks, and this capping layer preserves the weathering

“crust from erosion, so that the thickness of the weathered basement rock
is presumed to be larger than that of the 011tcropf)in'g= area.

The groundwater level in the existing wells in the village is 10 to 12m
below ground surface, which are 2 to 41 lower than the water level of the
crescent ponds in the fadama. This fact suggests that water of the
underflow channel or conduit of the fadama is the major recharge source
of the groundwater around here. '

Survey line estahlishment

Eleven EQW 1km-long survey'lines .Were fixed é-t intervaié of '100m in the
area covering the settlement area of Zugu village and its Surroundmgs
The wooden pegs marked with the line names (A, B, - K) and distances



from the west end of the lines were installed on the lines at every 100m
_interval so that the pegs formed a checkerboard pattern.

A transit compass with a tripod was used for aligning the direction of the
lines,

A level survey was conducted along the lines to prepare a contourline map
of the area as shown in Figures 6-27 and 6-29,

Electric resistivity sounding

In addition to the 15 points of the resistivity sounding conducted in the
previous detailed survey, 77 points of measurement were taken,
expanding the survey area to the north, east and south. The resistivity-
values of the recent deposits along the river range from several ten to
several hundred ohm-meter and those of weathered basement rock fall in
a similar range. Therefore, it is somehow difficult to distinguish them
from one another by the value of resistivity.

On the other hand, the difference of resistivity values between weathered
and fresh basement rock is clear, since the fresh rock has much higher
resistivity, usually more than 1,000 and occasionally more than 10,000
chm-meter. The resistivity values of the very fresh basement rock, mica
schist and meta quartzite in this area, range from 10,000 to 20,000 ohm-
meter and the values decrease along with the increasing frequency of
cracks or that of the degree of decomposition. Thus, it is difficult to define
fresh rock only by the resistivity value. However, the rock with
resistivity higher' than 1,000 ohm-metfer, was classified as “fresh rock”,
based on the comparison between rock samples and the measured
- resistivity value: |

Consecjuently, the iso-depth map of the fresh basement rock was prepared
in the same manner as in the previous detailed survey as shown in Figure
6-30. |
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Fig.6-30 Iso-depth map to the fresh basement rock




& Transient electro-magnetic (TEM) sur\}ey

A 200m-sided square loop for TEM signal transmission was laid on the
surface of the ground, and the receiving station was moved along the line
to take a series of measurements.

~The measurements at the center of the loop made it possible to
approximately classify'the resistivity of the earth by depth, and the series
of electric potential measurements on and outside of the loop provided the
resistivity profiles along the line,

For 10:0p A centered at F-2, the 3 lines of traverse measurement were
taken, and apparent resistivity values have been plotted(Figufc 6-31).
Among these lines, the N-S line (from B-2 to J-2) has not shown any
distinguished variation, but both of the E-W lines have shown remarkable
decrease in value towards the east. This fact suggests the existence of a
NEW-SES fractured zone or a V-shaped steep and deep valley of the fresh
‘basement rock, near the cast end of the measured lines.

For loop B centered at E-9, the obtained values from the 4 lines are
represented in Figure6-32. A distinguished anomaly {low potential) is
found near the west end of the 2 E-W lines, which is conformable to the
anomaly found on the lines attached to loop A. Figure6-33, which
represents the TEM profile clearly, shows the above-mentioned anomaly.

'The other anomalies in relation to loop B have been also found at the
south end, the east end and the north end of the lines. Among them, the
south and east ones may be related to a river, probably to the buried
ancient river.

At the center of the loops A and B, the average resiStivity by depth has
been classified as follows,

A (F-2) : Surface to a depth of about 50m : 800 ochm-meter
Deeper than 50m to unknown depth : 1200 ohm-meter

B(E-9) : Surface toa depth of about 25m : 1500 ohm-meter
25 to 125m depth : 125 ohm-meter
Deeper than 125m : 800 chm-meter
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According to the two-dimensional inﬁerprétation by use of the MOTEM
program, the quasi-model along line F from loop A and along line E from
loop B will likely match the following conditions respectively.

LineF : A conductive body, Le. low resistivity material, for instance,
a decomposéd portibn of the rock or a crack-concentrated
structural line, exists beneath the receiving points of F-4,
beginning at a 50m depth. ' '

LineE : The c_onductive bodies exist betweén E-6 and E-7 and between
: E-11 and E-12 beneath the ground beginning at a 125m depth.

Seismic refraction survey

Intended {o be carried out before the beginning of the field operations, this
survey was to be for the following purposes;

a. toclassify the degree of weathering of weathe_réd crust by depth

b. to detect the exact location of partially decomposed zone or fissure:
concentrated structural lines

¢. comparison of the above results with the results obtained from other
types of geophysical surveys to site the test drilling points, and

d. technology transference on the seismic refraction survey to the
Nigerian counterpart engineers.

However, since the major equipment for the survey was not functioning
well during the period concerned, probably due to some trouble dufing
transportation, the intended survey work _c.(')ul:d not be attainéd
effectively. The field operation method Was,'howe'ver, introduced to a
limited number of the counterpart staff time to time parallel with other.
geophysical surveys, and the techniques for the field operations
transferred and the prineiple/method of seismic refraction survey lectured
on were as follows; - ' | '

- . Survey line ﬁxing and geophone array
- shot point plahning

- gain adjustment and stack-count adjustment for better record taking



- explanation on principle of refraction theory and analytic procedure of
the seismic refraction survey

@ Test drilling and pumping test

In order to confirm the lithologic formation and promisingjarea estimated
~ from the results of liydrogeologica'l‘ surveys, and also to clarify the
~ hydrogeologic properties of the area, two test drillings accompanied by

pumping tests were carried out. - |

The drilling points were sited based mainly on the results of the
resistivity sounding (i;so-'depth-map of the fresh bedrock) and also with
regards to the convenience for use by the inhabitants. -

The handpumps were installéd in these drilled boreholes for practical use
of the new wells by the inhabitants of the village.

The first drilling, 15- 1 was sited at a point between F-5 and G-5, and the
second one, 15-2, was between E- 7 and F 7 as shown in Figure 6-27.

Both points were smed in a basm or valley-shaped deep weathered portion
of the basement complex, which were expected to be the most and the
second most promising zones near the setilement, one each on the east
side and west side of the village.

As presumed before the drilling, the drilled well sited on the eastern side
_ nearer to the fadama was much more productive than that on the western
side. '

Pumping discharge of 15-2 test well wag 140 ¢/min and the specific
| capac1ty shows about 18m3/d/m. This result is remarkable among the
yield and specific capacity of existing wells drilled in the basement
complex area.

The results of the test drilling are tabulated in Table 6-13 along with the
results of the pumping test, and the well }.og record is shown in the Data
" Report (Vol. 5). : ‘ _

The ‘geologi_c séctién along Line F derived from resistivity sounding and
test drillings is represented in Figure 6-34.
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6-4

Guidelines for Hydrogeological Investigatibn

'As mentioned in the previous section, many useful findings for

groundwater exploratmn were found through comprehensive
hvdrogeologwal analysis of the results of detailed and additional
expenmental surveys. In particular, the findings on groundwater
exploration in the basement complex area are considered to be very

“important because one of the major objectives of the Study is to establish

an effective method of hydrogeological investigation in the so-called
“difficult areas” where the basement complex is exposed.

As a conclusion, guidelines for hydrogeological investigation in the
basemen_t complex area are as shown in Figure 6-35.

As for guidelines for hydrbg_eolagical'investigation' in the sedimentary
area, Figure 6-36 is also.presented.

'I‘he hlstogram of the average yield of existing boreholes in the basement

‘complex area is given in Figure 6-13, While most of the existing

boreholes yielded only 10 to 15€min, most of the newly constructed

o boreholes, of which the drilling points were determined basically

following the guidelines, yielded more than 60¢/min. -



Table 6-13 = Result of Test drilling and pumping test

Specifie

Drilled Static . { Pumping { Draw- ~ Trang.
WollNo.,, | Depth . . . water -dis- down . Capacity missivity
S - Lithologic formation N o S o
Location “lovel charge . : ]
' (m) (mBGS) | (#hnin) | (m) | m%dayim) | (day)
O~1m: Surfacesoil o
1~-46m: Top wonthored . . 105
(oxidation) zone of base- . _ _ ‘ (Jacob)
165-1 130 | mentrocks. meta- 14.00 28 |81y ] ds1 -
75 quartzits, mica schist with 1.9
'ta >, N
! quartzito vein (Theis)
G-5 45~130m: Partially
weathered-hagsment rocks
0~1m: Lateritized goil
. it
(residual deposit) 95.44
12~17m: (Facob)
15-2 120 - | Gravely material 10.30 140 5.42 1794
E-7 23.80
) 17~85m: .
ot Highly weathered (Theis)
F-1 _ bagement rock :
23.80
86~120m: - - (Recovery) .
Partially weathered :
basement rock




Figure 6-36

Complex Area

Guidelines for Hydrogeological lnvesligation for Greundwaler Development in Lhe Basement

Preparatory work to understond the vutline

of the bydrologien] and hydragealogical
corglitions of the whole aren

-Colleclion and arrangement of existing data.

{Specific capacity of wells, groundwater level, water quality, ctc.)

-Analysis of strocturul lncomend nnd drainage systema by ivterpretalion of
acrial pholegraphs and/or LANDSA' images.

-Rock type clnssilication by area through referense to existing geelagicnl maps.

S L

Preliminary field survey in and around
the villages concerned o determine the

hydrogeotogical conditions ef individual

sites

Mapping of the village and serrounding area and geological reconnaissance,
especially focusing on rock facies (rock Lype and degree of weathecing) and
existence of dykes and veins of quartzite, gplite or pegmatite

-Measurement of water Jevel in existing wells and guestioning the inhabitunts
alout sesspnnl water level variation.

-A preliminary geophysical survey lo confllrmn weathering conditions.

JL

Genphysical surveys at individual sites,
with as many survey points as possible
in order ta differentiole areas with
higher groundwater potential

-Fixing of survey Hues in 100m grid for electric resistivity éoumlings, ani/or 200 to
dUOm_ grid far lransient electro-maghetie survey. When it comes to conduet o
seigmic refraclivn survey, the survey lines should be determined by the results of
the above, wilth wave detecting points of dm intervels. )
-Existent daln acquisition un the siles, and preliminary analysis of depth to fresh
bedrack. '

'-l’.—ép.urulinn of contour line maps of fresh basement rock.

-Preparalion of geological cross sections along the fines which represenl the hydie-
geolugical characteristics of the site in order to justily location and depth of the
wells Lo be drilled,

i

Test drillings or test well construction
accompanied by logging and pumping
tests Lo confir geologic composition of
the sile as well as hydrogeologicnl
characteristics

-One or Lwo drillings at o lucalion where gw pelential is presumcd Lo be
particutarly high {deep wealhered portion with basin structures or V-shaped valley
of Fresh Ledreck, or with o concentralion of veins or dykes. Testwellinay be used
asa production well. )
-Depth of drilling should be down to fresh bedrock, with a casing diameter net
saller thon 47 for the pumping Lests to be done properly.

-During deilling, deifl cuttings should be carefully observed for a complete geologic
log.

Bused on geologic log and resulis of pumiping test, the geological cross seckiuns
prepaved obove should bo revised.

L

Plauning nud designing groundwater
development and water 'supp_ly system
~.construction for village

-FPoint sources------ Al the mreas of very poor gw potential where critical punpage
is timited to Iess than several tens of lilers per-minute, point sources with deep-

* well hand-pumps are recommended. The number of wellg to be constructed

depends on the population of the village (One well may serve perhaps 600 persons)
and alse on distribution of commparatively higher potential sites.

-Semi-urban-type water supply systewm,ie, wells with molor powered-pumpa,
elevated reservair tanks with gravity-type distribution and a number ef comnumal
faugels-~ -+ Number of wells and capacily of reservoir tank depend mostly on
capacity of wells and population to be served.




Figure 6-36 Guideline for Hydrogeological iuvesLigﬁLi.on for Groundwater Development in the Sedimentary Avea,

Preparatory work to
understand the outline of
hydrological and hydro-
geological conditions of
the area

Tentalive evaluation of groundwater resource potential of
the area by "Specific Capacity Map”

Collection and arrangement of existing hydrogeological
and hydrological data.

Preparation of a preliminary hydrogeological cross section
of the area '

JL

Hydrogeological field
survey In and around the
candidate villages

Mapping of the villages and surrounding area and
geological reconnaissance.

Measurement of water level in existing wells and
questioning the inhabitants about seasonal water level
variation.

Electrical resistivity sounding, of which survey lines cut
mostly straight across the strikes of the geological
formations, with 6 to 8 survey points on the line spaced -

160 to 200m.

Preparation of hydrogeological section along the line in
order to justify location and depth of the wells to be

drilled.
L

Test drilling or test well
construction accompanied
with logging and '
pumping tests to confirm
geologic composition of
the site as well as hydro-
geological characteristics

" pumping test, the hydrogeological sections prepared ‘above

One drilling at a location where groundwater poteniial is
presumed to be pariicularly high, .

Conitinuous drilling work through out of day and night is
generally recommended to obiain good resulls,
accompanied by proper control of mud-water.

During. drilling, drill cuttings should be carefﬁlly observed
to complete lithologic log and to determine screen position
and screen size.

As for geophysical logging, natural garma ray intensity
of less than 5¢ps and electrical resistivity (long normal) of
more than 1500-m are generally taken to indicate good
aquifers. .

Based on lithologic and geophysical log and results of

should be réevised.

L

Planning and designing groundwater development and water supply system construction.
The number of wells should be comprehensively.examined based on viewpoints of not only
population to be served but-also on optimal groundwater mining of the area.




7 BEVALUATION OF GROUNDWATER RESOURCES

In order to promote water usage through groundwater development in Sokoto
State, the regional hydrogeology must be correctly understood and its
quantitative analysis must be carried out. In addition, the conditions for the
establishment of a proper development scale must be made clear. For this, this
section firstly gives a basic summary regarding the quantltatwe analysm of the
groundwater resources. Then it examines the water balance based on the
hydrogeology of the entire Sokoto State as the basis of the quantitative analysis,
and finally analyzes the groundwater recharge in order to determine its capacity.
In addition, particularly regarding the sedimentary rock area, groundwater
simulation was carried out and the regional groundwater flow and the water
balance are studied in detail here.

Tor the basement rock area, the yield was evaluated qualitatively based on the
water balance analysis. For the sedimentary rock area, the yield was evaluated
based on the water level predictions, according to the groundwater simulation.

7.1 Basic Concept on Quantitative Evaluation

- The terms used in groundwater quantitative analysis are “storage capacity”
and “yield”. The storage capacity generally refers to the total capacity of
groundwaber which can be held in an aquifer or in a groundwater basin. The
yield refers to the amount of groundwater which can be taken from an aquifer
or from a groundwater basin by human activities.

In general, in relation to the gualitative evaluation of the groundwater

resources, the yield which responds to the decline in groundwater level creates

a problem, whereas the absolute value of the storage capacity is not such a
' problem

Yield is classified into the next two general categories.

71



(1) Sustained yield

This is defined as the groundwat.er amount which can be withdrawn from a
groundwater basin continuously, without any undesired results” (Todd, 1959)
In general, the term “safe yield” is used in place of this. -

“Undesired results” refers to an increase in pumping costs due to dechne in the
groundwater level,the occurrence of land subsidence and seawater intrusion.

This definition includes 2 criteria ;

(a) the water balance can be maintained perennially
(b} there are no economic nor groundwater accident risks. -

With importance placed on the criteria pointed out in a), the term “pe.rennial _
yield” can also be employed (Todd, 1980).

{2) Mining yield

This is defined based on the premise that groundwater is like irreplaceable
resources such as oil and natural gas. Groundwater is exhausted and
perennial usage is not possible. Groundwater of this kind of condition is that
found in a closed non-leaky confined aquifer system. In this case, since the
concept of perennial usage is not appliéable then socio-economie factors must
be emphasized and taken into consideration in evaluation of the yield.

(3). Permissive yield

In determining the yield from an aquifer or a groundwater ba'Sih; as
understood from the above concept and its definition, not only must
groundwater be viewed from its natural scientific characteristics, but
groudwater resources must also be viewed from a socio-economic perspective.
This means that instead of using the term, “safe yield”, the above two concepts
are grasped and combined to create a term reflecting a more socio-scientific
sense, resulting in the term, “permissive yield” (Water Balance Research
Group, 1976). '



The term“permissive yield” is defined as “the amount of groundwater that the
inhabitants consider allowable to withdraw from a perspective of profit/loss in
~ pumping”. The combination of important factors for this definition are given
in Table 7-1 below.

Table 7-1 Important Factors in Determiixirig Permissive Yield.

. permissivevield sustained (pexenmal} yW’
E p I | o _ mining yield
groundwater characteristics unconfined*ﬂ-—-u—*._canﬁned
| ' (shallow) (deep)
velocity of circulation rapid -——————»glow
|renewal rme_Waqunrenewal_ -
-|eriteria o { hydrological economic risks
' equilibrium
water rights/ determratlon of Waber quality

The important factor in the determination of permissive yield is the circulation
velocity of the groundwater. In other words, the situation depends on whether
or not the groundwater is renewable. This disparity is relative, and the
hydrologic equilibrium condition is emphasized in the determination of the
yield of renewable unconfined groundwater of a comparatively rapid
circulation. Contrasting this is unrenewable confined groundwater of a slow
circulation. As it approaches a closed state, its mining components harden,
which, in turn, greatly influences the socio-economic conditions which are
emphasized in the determining of permissible yield. '

(4) Coﬁéept of yield Zéﬁalﬁaﬁbn for t.he SlﬁlidY area
 The potentlal yleid of greundwater in the study area is qmt.e Iarge However,
* the condition of the groundwater is rather variable, ranging from unconfined

' _'groundwater found in fadama, basement rock weathermg zones and

Kalambaina 11me.stone to’ confined groundwater found in the Sokoto
sed1mentary basm -



- At this point, the basin yield will be assessed from natural ‘physical
characteristics of the groundwater, such as the hydrogeological conditions of
the aquifer and the equilibrium conditions. Though the permissive yield can
not determined at present, the yield will be evaluated with possible
consideration of the socio-oconomic framework, |

7-2  Water Balance Analysis

Water balance in the aquifer systems and recharge and discharge of the
groundwater basin were calculated in order to establish basic da,t.a for studying
the potential of groundwater development. ' ‘

7-2-1 Water Balance_Equatlon

Rainfall on the ground flows out through stream, evaporates and/or inﬁltrates
into the ground. Although rain travels these different routes, the quantity of
water initially prowded by the rain remains constant,

Accordmgly, the equatmns of water balance are expressed by the follomng

P: Precipitation

O: Surface outflow

E: Evapotfanspirat:ioxi' ,

W: Groundwater recharge

Th1s concept is apphcable to graundwater systems. In a groundwater system,
water is recharged by rainfall infiltration, infiltration from river beds, inflow
from upstream of the aquifer, and leakage from other aquifers. - Water is
discharged as effluence into streams or springs, by abstractlon, as downstream
t.hrough the aquifer, and as leakage. Besides these facbors, change in storage

must be taken inte account in the equatmn of groundwater ba,lance The
equation of groundwater 'balance isthus gwen as:

S dH/AE=(Q1-Q2)/F+W ....ooven., e -2



Where, - SdH/dt :Changein groundwater storage |

S i+ Storage coefficient
(Where unconfined groundwater is concerned S
is equivalent to the specific yield.)

dH : Change in water level
| dt B Time difference

(Q1-Q2)/F : Groundwater run-off

Q1 : Inﬂow.

Q2 o : Outflow

F oo Area, of water balance
W : Groundwater recharge

Graundwater inflow (QI) ‘involves upstream inflow through the
aqulfer recharge from the river bed, and leakage from other aquifers.
Groundwater out_ﬁow (Q2) involves downstream outflow through the aquifer,
effluence to streams or springs, groundwater abstraction, and leakage fo other
aquifers. When shallow groundwater is concerned, water loss to
_evapotranspiration is involved in groundwater outflow.

7-2-2 Recharge estimation for unconfined aquifers in the sedimentary area
(1) Basic formula for shallow groundwater balance

-When surface outflow (O) in Eq. (7 1) is apprommated to be proportional to
prec1p1tatmn, ‘water infiltrated mto ground (F’) becomes apprommately as
follows :

=LOFP i e (7-3)

Groundwater recharge (W ) is estimated from P, E and water holding capacity
of soils (Mdmax) composing the unsaturabed zone, The procedure to calculate
Wis as follows : ' :



P’ infilfrates into the ground and increase the water'cpntent (Md) in the
unsaturated zone. Then Md is decreased by evaporfranspiration (B). If the
remaining Md surpasses Mdmax, the éxcess hecomes groundwater recharge.
. These procedures are e'xpreésed as:

Mt =Mdt-1 —i—P’-E s R L. (-4

W0 oeneerienennnnn, T 5

W =Mdt-Mdmax (MétSMdmax) e, (7-5-2)
Mdt=Mdmax  Mdt>Mdmax) .............. (1-5:3)

Where Mdt'r'i: Water content in the saturated zone in

previous time step

Mdt : Water content in the saturated zone in
present time step

Considering an ideal unconfined groundwater basin where groundwater
inflow and abstraction are neglecbed Eq. (7 2) can be expressed as

SdH/dt—-Q;‘ZIF-i-W R ORI (7-6)”

In the dry season when the 1nﬁltrat10n of preclplt&tlon is neglected Eq. (7 6)
becomes

SAH/dt=-Q2/F .....ccovviivniiiiiiiinnninn (17

‘Water level and change in water level in the dry season can be assumed to
have the lmear relatlonshlp as follows

dH/dt=a*H+b ......... FUTTTTTTT .. (7.8)
Where H :Waterlevel

a, b : Constants



The constants can be determined by analyzing a recession curve of shallow
groundwater level in the dry season.
_ Replacing Eq. (7-7) by Eq. (7-8), we obtain

-Q2=S8*F*@*H+b) ...ovviiiiiiiiinn., wens (1-9)

If Eq. (7-9) is substituted in Eq. (7-6), then the basic formula for shallow
groundwater balance finally becomes

SdH/dt=8S*@*H+b)+W ........ccviven... (7-10)
(2) Compﬁt_ation of the recharge analysis

Two places in the sediméntary ares were chosen in order to calculate the
recharge rate. They are Kware on the Kalambaina formation and Tangaza on
the Gwandu formation. Long-term shallow groundWater records obtained by
the USGS (1978) are available at both places (Fig. 7-1)

{a) Precipitatibn and'Evapo_f,raI.zspirati.on

Monthly rainfall records for the Sokoto aerodrome were used for
calculation. Difference in precipitation by place was assumed to be
negligible. Potential evapotranspiration was estimated by the
‘Thornthwaite empirical formula using meteorological data for the Sokoto
" aerodrome. Calculated annual potential evapotranspiration for Sokoto
was 1695mm in 1964 and 1664m in 1965 Since these values are larger
than annual pwc;pltatlons whlch were 729mm in 1964 and 974mm in
1965, medification in the course of the water balance analys1s was glven to

~ determine actual evapotranspxratmn

(b) Constants for Eq. (7-8)

The hydrographies for shallow groundwater levels at Kware and Tangaza
were used to determine the constants a and b for Eq. (7-8). By substltutmg
five days for dt, the linear relation between (H) and (dHIdt) was
recognized; as shown in Fig. 7-2 (1), (2). '
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0.2 KWARE

= dH/dt=-0, G33H40, 172
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Fig. 7-2 (1) Relation between Groundwater Level and

Rate of Decline -~ Kware -
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Fig. 7-2 '(2) Relation between Groundwater Level and
Rate of Decline - — Tangaza -




The constants a, b for each groundwater situation were calculated by the
least square method. The linear relationships between water level and
change in water level for the selected two hydrographies become

Kware df/dt=-0.32* H+3.78(m) ........ (7-11-1)

Tangaza dH/dt=-0.20* H+1.08(m) ........ (7-11-2)

(¢) Computation procedure

Water balance calculatlon based on Eq. (7-3) through Eq. (7 11) was-
carried out based on the following procedure

a.

Initial water level is chosen from the water level record. Time step one
is set. Parameters (S), (C), and (Mdmax) are carefully chosen and
given in the equation,

P and E at each time step are given to Eq. .(7-:3') through (7-5) and W is
calculated.

By giving W to Eq. (7-10), dH/dt is calculated.
H of next time step is calculated as H=H +dH.

If the time step comes to the end, then computation stops, otherwise
repeat the procedure fromb. |

Parameters S, C and Mdmax are changed on a tri_al and error basis, until
the calculated water levels match the actual groundwater levels.

(d) Results of computation

Results of the water balance caleulations for s_hé.liow groundwater are
shown in Tab. 7-2. The comparisons of actual and computed groundwater
levels ave shown in Fig. 7-3. As shown in the figures, agreement between
cornputed level and actual ievels is achleved Parameters determmed in
the calculation are :

7-10



Sokoto
- 1068 APL )

.
*

GL-mm

KVARE (1964 HAY

T—11

Water Balance Calculated at Keare

Tab. 7-2 (1)

Precipitation, Potential Evapotranspiration

“HHAX=50xn

0.03

=

C=0.95
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Tab, 7-2 (2) Water Balance Calculated at Kware
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Precibitation, Potential Evapotranspiration
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Sokoto

TANGAZA ( 1864 MAY - 1966 APL)

Tab., 7-2 (3} Vater Balance Calculated al Kware

Precipitation, Potential Evapotranspiration

Sﬁnn
'P:

U=

€=0.95

0.18 HYAX

HONTH
HAY

0.00
0.00

0.00

00
0.00
0.00
0.00

.00
0.00
0.00
0.00

30,40
50.00
37.80
31750
14.50

5.30
0001

"0.00

1110
0.0

0.00
0.00
0.0
0.00
0.00

.00
0.00
00

4793.20 -
4316.56
41838,59

4780.86

0.00
0.00
0.00
0.00
0.00

2.6

236881
4878.27 ]
4912.82
4509.54
458788

4754,

4718.24°
47
4373.61
439952
4448..80
2059 84

]

o
;

)
g7
53

.13

N

92

797
73

§.41

X1

1,78
4,83
1.4

Lﬁ-s
7.

24

AH

1)

=
J

00

0.00

6.00
&
X

7.8

0.0

M

.00 |

[
I

0.00
0:00

37. 20

AD |

.00

.45

i

.05
10

48,00

PEC
0.0

38.00
1.80
D.45

30.40

10.45
40.85

37,55
T36.10 1
1710
L

86

 1

- - M UV A W I SV VR I I Sy D g -
uzien|colefen s (e et el evafmlen L " oolerl et n
GO1 P[5 vl <Pl = 25| = {eB e oo nit B s ten (et o oot P —
e~oseslrs s iasirtien] dlerlod|calenien .,.Om-..“QQO Sics|on enlot e s m. 5 o
g i 1 - — ol s Ll
02 TR et IYrl CTD | rerd 1 S | 2| {7=] [=x] el FE \J e g n 1Sy
L Ui inlio s e B Pl e e [0 [ G po k3 o i = oG o =
< o o e e e = | A e ) e | < wp e e e —
e e~ L3 enltleolonlwtaicuionionionicslosloolonlos ool il 3l ot o3 e
= 00| il |l et 3 00 ] e o fea it = P s P R
S N i i A2 A S S e B e i i oY S A - L s A ] L S I
= n0 e~ | wlers] e oyiea]e em bl 3 [y oy oo et =t
L Lol L L - T A
= 22 =i = S|SBl DI =
£ e o i o i S DR e Bt SRt Bt D Bt B D B ot ) e ot it o
= oSialo < Sl
=i I = = == = =
i | b et £ B > e B D bt D
] | ] ) .‘oc 0 Gﬂ\l‘- (] [ b

9, 20

3

:29

.50

7585
75.65
75.65
93,95
93,95
20.91
27.50

22.50

H9

7

v
£

u

i)
¥)

0.0
T7.00

n
J
W

3900
001
0

1.00

.0

A

11
54,
7.00
78.00
"17.00

~14.00

~14.00

p
T
i

. SEP

Unit - P,E : nn/5days, AH

STEP

[

24
98
8

a0

)

ey kil fusluy oo = =
2| P B i B e e = P =
s Lo o e ot e o S 3
o3 f==) =] . " .
gessssssitisssesssssacissse :
(=] ololaiololsiaialola e o PPy P Py =

e -

= i

= | il

e — o

iaie DEEEEE SR 2 S

.

GL-mm

mu/bdays, H

-
.

7-13



Tab., 7-2 (4) Water Balance Ca‘lcul:ated at Kudre

Precipitation, Potential Evépotrénépiration + Sokoto

£20.95 . [=0.03  MHAX:=S0mm . KVARE { 1964 HAY - 1968 APL )
STfP_ T HONTA_ 1 P FTPEC WA S S D
T3 KA oo T2l 000 0,000 . 6.031 4976.181  0.00
74 0.001__29.35] _ 0.00 001 5.83 [ 4982.00 T 0.00
.00 128,55 10,00 | 0000 5641 4987.65] 0.0
6| 500 | 20.55 1 0.00 |- 0.001 9451 393.101 .00
i 000 | 2055 [ 0.00 1 T 0.00 . 5271 4098371 "~ 0.00
B 000 55 | 0.00 1 0.00 |-~ 5.091 5003.461" .00
79 | 08 o0t s T A5 0,00 45271 5008.38 1" 13.70
N 000 | 00| 000 000 4,781 8013141 " 0.00
I 100,007 75.90 | 785,00 1970 | . 8.70 | 4898.72 |  50.00
7 RS 001 25.30 | 80.75.| _ 56.45 | 19.97 + 4572.12 | 50.00
3 .00 | 95,30 1 10.95 ] - 0.00 | 19.30 1 450} 42 | " 4465
T8 - 3.00 1~ 45301 12.35 1 0.00 66 | 481008 | 31.70
51T 5001 25301 4751 _0-00] 18.03] 4628.111 11.15
5 §0.00 1 20.31 1 57,001 0.00|_17.43 " 4645.54 | . 43.84
87 —0.00 T 23651 0.00 1~ 0.001 " 716.85 1 4662.40 | 20.18
88 T3.00 1 23.651 11401 0.001 16.291 4678601 7.94
39 — 0,001 73,651 0.00 |7 70.001 15.75 | 4694431 0.00
90 T P00 ] 23,651 19.95] _ 0.001 15.221°4709.88 ] .00
g1 { A6 97.00 1 23,651 87,40 | 13.751 17.58 1 464130 | 50,00
97 28001 22,081 26.60 |  4.571  17.95 | 4630,68 | 50.00
() ' 80.00 1 19.601  76.00 | 56.40 | _ 29,10\ 4307.28 | _ 50.00
a0 §7.001_ 19,801 82.65 | 63.05| :41.08 | 3954.48 | 50.00
% 35.00 1 1080 1 33,25 | 13,651  42.73 | 3911.80 1 50.00
9 31.00 B0 20451 " 0.851 43,36 | 3893.701__ 50,00
g7 | _SEP 10.00 |___19.60 501 0.00 | "41.91 | 3935.61 [ 39,90
98| 81,001 20.00 | 76.95| 46.81 1 50.Z7 | 3693.32{ 50.00
99 94°00 T 21.80 | 89.30 | 67.50 | 62.65 1 3334,10 | 50.00
00 72,00 2180 70.80 1 0.00 | 60.57 | 3394.67] 48.10
0 39.00 | 21.80 | 37.05| 14.35 | 61.54 | 3366.52| _ 50.00
10 0.00 | 71.801 _ 0.00 _ 0.00.| 59.49 | 3476 28.20
03 | 06T 4.0 2180 3.0 0.00°} _S7.50 1 3483611 1020
104 1 TR0 2004 801 0.00 1 "55.58 | 3530.10 ] — 0.00
105 5700 | 25.00 .75 0.00] 53,731 3592.83 | 0.00
06 000 L 75.00 ] 0.00 0.0 -51.947 3644.77] - 0.00
] 0,00 | 25.00 " 0.00 | 0.00 | 50.21 {_3634.98°" 0.0
B (0.0 75.001 0.001 0,00 48.54 " 3743.52 | 0.00
091 __NO¥ .00 25001 0.001 0.00] 46.92 1 3790.44° 1 0.00
. 0.00 25,001 0.00 L 0.0 45.36 | 3335.80 [ 0.00
0.00 1 16,50 _0.000 _ 0.00| _43.8413879.64 ] 0.00
L 0.00 1 16,501 0.001 __ 0.00 _42.38 ~ 3972.07 ] _ 0.00
' 0,00 1650 0.00 1 0.00} 40,971 3962.99)  0.00
114 r 0.00 16,50 | 0.00 ] 0.001__39.607 4002601  0.00
151 _0Es 000 | 16.50 ] 0.00 1 0.001__38.28 | 4040.88 | 0.00
118 70,00 | 18.50 | 0.00| 0,001 8701 | 407,891 0.00
7T —0.001 T 10.45]0.00 ] 0.00] 35.771 4l13.66 ]  0.00
g 0,001 10451 0.001 0.0 |~ 34.581 4148751 0.0
19 00070 10.45]  -0.00 T 0.001 33.43 418188 1 0.00
120 0.00 10.451 0.0 __ 0,001 32.31 1" 4213.997 .00
121 ]I 0,001 10.45] 0.00 |~ 0.001_ 31.74.7 305,73 6.00
1221 T 0.001 10.450 " 0.00].0.001_ 30.20  4215.42 " 0.00-
3 000 16,810 0.00 1 0.001 - 29.19 4304.81 1 0,00
2 0.00 A0 0,001 0.00 28.227 4332,83 1 0,00
i 0,007 18.40 | 0.00 | 0.001 _27.28 ; 4360, 0-00
26 0.00 AT 0.00 1. 0.0 78.37: 4386.48 1 0.0
7T PR 1000+ 18.401 . 0.00 1 0.00" .25.49 ' 441,061 0.0
%] 0000 18,400 0.00 ¢ - 0.00 . 2484 . 4436.60 ] 0.0(
91 T 0.00 1218210000 0.00 " 23,87 4460.42 1" 0.00
301 0.0 24.10° 0,00 1770007 23.027 4483.44 T 0.00
3L 0.0 24107 0,000 0.0 42.267 7450570 1 .00
T 0000 2400 000 10,00 21,51 4527.21 170,00
33 | AR 0,001 24.10 1~ 0,001 _0.001 ~70.80 | 4548.0 0.00
W 0.00 2410 0.00 1 0.007_20.1074568.11F " 0.00
35 000 .50 0,00 000 7 19:43 T4587.55 0,00
361 000 25,90 70,00 0.007 18,797 406,331 0.00
3 000 | 25,80+ 0,00 0.00 7 18.16 . 4624.497 T 0.007 -
LR 000 25801 0.00 1 0.00 " "17.55  4642.051 0.0,
39" WPL, 0.00 1 25.90 170,007 7 0.00 - 16.97 | 4650.02 - 0.00
40 0001 ¢5.80 T 0,001 0.007| 16.40 1 4675.42 ] 0.00
1] 0.00 T 27.52 | 0.0 0.001 _15.86 | 4631.28.1 _ 0.00
1471 8.00.  78.60 | 7.601°""0.00 - 15.33 - 4708.60 :__0.00
143] 0.00 1 78.60° 0,007 _ 0.001 _14.82 1 4721.42 1 __0.00
1id 1,000 28.60 _3.80 - _ 0.0 1~ 14.37  4735.74 1 0.00

Unit P,E: mm/Sday_s, A H ¢ un/Sdays, | H: GL?imn
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Fig, 7-3 (1) Comparison of Computed and Actual Water Level
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a. Storage coefficient (S) |
Sediment of aquifer for the Kware shallow well is limestone. That
for the Tangaza shallow well is sand.
Determined 8 for Kware and Tangaza is 2.5% and 16%, respectwely
These values are within the range of the typical specific yield (’I‘ab
7-3) for sand and Jimestone. |

b. Constant to determme overflow to streams (C)
C is determined to be 0.05. Since the run-off rations determined from
“discharge records for the Rima River and Sckoto River are in the
range 4-7% (See. 3-4), except for that of Gusau which is located in
the basement complex area, it is reasonable to assume that 5% of the

precipitation for the area of the water balance’ analysm is lost to
overflow, '

¢. Water holding capacity of soil (Mdmax) _
Mdmax is determined as 50 mm. Since no record on the value was
.available for the area, Mdmaz was determined so ‘that other
parameters became within reasonable range.

The estimated water balance, by applying the analysis to the precipitations
and potential evapotranspirations from 1943 to 1981 for the Sokoto
aerodrome, is shown in Tab. 7-4, The calculation was applied to the years
which had complete data on daily precipitation and monthly temperature.
Average water balance during the period becomes as followings.

Precipitation 674mm (100%)

Surface out flow _ 84mm  (5%)
Evapotranspiration 523m (78%}
Groundwater recharge | 117mm - (17%)

7T-18



Tab. 7~3 Representative Specific Yield Ranges

Sediment Specific Yield, %
Clay 1-10.
"Band 10-30
Gravel 15~30
Sand and Gravel 15-25
Sandstone 5~15
Shale : ' 0.5-. 5
Limestone 0.5~ 3
(Walton, 1970) '
Hydraule condusthvity {gpd/fiin)
0 o N L L O 10 1 G- 10-* 10-% 10-* 10-% 10-* 10-7 10-*
-Fing to coarsa grael '
Finato coarso sand. -
. S§l,bess
Glaciki
Unweathered marine ciay
Unfractured igneous
and metamaiphic rocks
Sandstone, welt
cemented, unjointad
Limastona, unicinted crystafing
Tult
Sands!om.triabia
' F(actured@r‘_m&
Vesioular basalt
Karstiﬁesm_ i

E1id 16‘ ﬂl}‘ Ib‘ 16' i‘ - 10~ 16" 1W0-+ 10~ 1073 13?’ 10-7 10-% 10-* 10~%
: Hydraukc conductivity (m/day)

‘ Typlcat X yalues for consolideted sand wnconseiidated aquifers. {dfler Davis, 1969; Dunn
and Legpold, 1978; Freeze and Cherry, i979).
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7.2-3 Recharge estimation for unconfined aquifers in the basement complex area

The procedure to estimate groundwater recharge for the sedimentary area is

assumed to be applicable for the basement complex area. Since no long-term

record. for unconfined groundwater fluctuation in the area is available,
- verification for the availability of the results of calculation was not made.

(1) Conditions for computation

The Gusau area was chosen as a model area to calculate water balance in the
. basement complex area. Co_nsidering.the aspects of the area, the following
conditions for computation were taken. )

(a) Precipitation and evapotranspiration

Precipitation records from the Gusau aerodrome were used for ‘the

“ealculation. Potential evapotranspiration determined by the Thornthwaite
method, based on the temperature records from the Gusau aerodrome was
also used.

(b) Parameters for the calculation

 Bince the run-off coefﬁciént calculated from the discharge and precipitation
records from Gusau is 16.5%, a C determmed to be 0.17. Mdmax of 50 mm
was applied.

(2) Results of computation

The estimmated water balance,by applying the analysis to the precipitations
~and potential evapotranspirations from 1953 to 1985 for the Gusau
‘ aerodrome, is shown in Tab. 7-5. The average water balance during the

period becomes as follows :

_Precipitation 85Tmm  (100%)
Surface out flow 146mm (17%)
Ev'apotransﬁirdtion 576mm  {(67%)
Groundv}aber iechafge 135mm (16%)
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7-2-4 Récharge volume

Groundwater recharge rates for the sedimentary area and the basement
complex area were estimated as

Sedimentary area 17%
Basement complex area 16%

Fig. 7-4 shows the area of the sedimentary rock and the basement rock
together with the isolines of the mean annual rainfall.

The total area of the sedimentary area in Sokoto State is about 60,000 km?2,
and that of the basement complex area is about 40,000km2,

By applying recharge rate of 28% to the sedimentary area and one of 21% to
the basement complex area, we obtained recharge volumes as follows:

a. Sedimentary area (60,000 km?2)

(550 mm/year X 5900 km2 + 650 X 13600 + 750 X 12800 + 850 X
27700) X 0.17 + 1000

= 7689 million cubic meters/year
(128 mm/year)

b. Basement complex area (40,000 km?)

750 mm/year X 1900 km2 + 850 X 6900 + 950 X 15800 + 1050 X
'15400) X 0.16 + 1000

= §155 million cubic meters/year
(154 mm/year)

It must be noted that these values are not directly equivalent to recharge
volumes for the main aquifers for the areas ; the confined aquifers in the
sedimentary area, and the deep weathering zones in the basement complex
area, Most_ of the water stored in the shallow aquifers is probably lost to the
evapotranspiration and effluence to streams in the dry season.
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Therefore,the recharge volume estimated above sheuld be treated as the
retained volume of water in the rainy season., The actual volume of water
recharged into the main aquifers is probably several times smaller than the
calculated volumes.

7-3

Groundwater Simulation in'the Sokoto Groundwater Basin

A numerical model to simulate groundwater movement in the sedimentary

‘area was constructed. Future groundwater movement was predicted by

‘applying future changes in groundwater abstraction.

The simulation technique is deseribed in detail in the Supplementary Report 2.

7-83-1 Groundwater simulation procedure

The procedure for the groundwater simulation is described in Fig. 7-5.

a.

The integrated system of the groundwater basin is comprised of area units
and aquifer system units referred to ss subsystems. A subsystem is
further divided into elements (aquifer constants). The scale and accuracy
of these elements are subject to the purpose and complexity of the system.

The interrelated nature of the subsystems and elements allows
guantification of the groundwater simulation model once the program has
been written.

Initial boundary conditions, as well as historical dats. (e.g. pumping rates),
are incorporated into the model. It is then checked fo see whether it
represents the actual conditions of groundwater., Through this process,
boundary conditions and giﬁen parameters are identified.

By applying future possible pumping schemes to the calibrated (identified)
model, decline in groundwater levels is predicted.

7-3-2 Modeling of the sediméntary rock area

(1) Quasi 3-D model

The digital model used for this.study was prepared by Fujisaki, Oka and
Kamata (1979). The basic concept is that water in the main aquifers in the
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‘Fig.7-5 General Procedure of Simulation




sedimentary rock area, which are the Gwandu, Kalambaina, Rima and
Gundumi aquifers, is supplied by lateral flow through the agquifers and-by
vertical flow through the aquitards from overlying and underlying aquifers.

A generalized cross-section of a multiple-leakey aquifer system is illustrated

in Fig. 7-6. Since vert] ical and horizontal flow components in the aquitard are
ignored in this model the model is called a quasi 3-D aquifer model.
Numerical soiut.lons can be obtained by applymg the finite element method
(FEM). '

(2) Grid demgn and boundary cond;tlons

The medel was apphed to the demarcated area as shown in Fig. 7-7. The area
has 32 by 27 grid elements. The grid size is 13.5 km by 13.75km. Each grid is
provided with code labels to specify hydrogeologlcal boundaries.

The north and west boundaries of the mmulatlon area were modeled as
impermeable boundaries, because groundwater flow throu_gh the boundaries
- can be presumed to be negligible by the fact that direction of groundwater flow
presumed from. the water level configuratlon maps (Fig. 4-13) is almost
-parallel to the boundanes

‘The east boundaries of the simulation area were modeled as impermeable
boundaries, because the houndaries coincide with. the outerop area of the
basement complex area. Rocks cnmposmg the basemen‘t complex area have
generally poor permeablhty compared with those of the sedimentary area, so.
that groundwater. flow between the sedimentary area and the basement
comp}ex area can be practically neghglble.

The southern boundames along the River Niger were modeled as constant head
boundaries. Groundwater levels: along the boundarzes are assumed fo be
equivalent to the water levelsin the River Niger,
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(8) Aquifer parameters

Aquifer parameters were determined based on the results of water level
observations and pumping tests carried out in the'study area. When sufficient
records were not available to determine a parameter, the general standard
value was applied.

The parameters were given to each grid in each aquifer.

a. Thickness of aquifers (b)
Based on hydrogeological cross sections given in Fig. 4-6, an aquifer
thickness map for each éﬁ'uifer was prepared for the three aquifers ;
'Gwandu, Rima and Gundumi aquifers (Fig. 7-8). .
Thickness of the Kalambaina aquifer was agsumed to be 30. m
constantly over the arsa.,

b. Permeabxhty (K) :
Permeability of the aquifers was estlmated based on the barehole
records constructed by the SARDA.
Permeability for the aquifers ranges

Tab.7-6 Estimated Permeability (m/day)

Aquifer - | Minimum | Mazimum Ayera'ge '
Gwandu formation 0.07 274 240
Kalambaina formation 609 - | 1288 79.9
Rima group 1 0.02 ' 198 | 16.0
| Gundmi-Tllo formation £ 0.08 439 28.1
Basementcdmplek 0.01 1 - 195 2.6

c. Transm:ssxblhty (T)
Transmxsmblhty was ca}culated by mult«plymg Ehe permeablhty by

tests (Tab. 4-10) was also used
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d. Storativity (S)
Few records on storativity are available in the study area.
Therefore, storativity for a confined aquifer was determined by the
theoretical equation,

where, Ss:Specific storage

Typical specific storage ranges for selected materials are given in Tah.
7-7. Specific storage of 1.5 X 10-5 was selected for Eq. (7- 12). The value
is equivalent to the typical value for dense sand.

Since the Kalambaina aquifer is unconfined, specific yleid of 0.025 was
applied for the aqulfer as storativity. The specific yield corresponds to
the typical value for limestone (Tab, 7-3). |

e. Leakage (k'/b’)
Leakage is the aqultard parameier which defines vertical leakage.
The value is obtained by dividing permeab:.hty by the thickness of an
aquitard, Thickness of the aquitards ranges 30m to 60m, acccrdmg to
the results of existing geological borings. : '
Aquitard permeability was assumed to be 5X10- 3cmfsec throughout '
the model.

Table 7-7 Representative Specific Storage Ranges (Domenico, 1965).

. LN im

Material - Specific Stdr’agé
Soft Clays | 19X10%~2.4X10*
StiffClays .~ 2.4X104~1 2><104
VerystiffClays | 1.2X10*~85X105
Loose Sands | 9.4X105~4.6X10°
Dense Sands - | 1.9%X10°~1.3x10°
Dense Gravels 94X10 6~4.6%X10°8
Rocks with Cracks | 1.9X10¢~3,0X107
Solid Rocks - | 8.0x107~
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