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1. Introduction and Geological Background
1.1. Introduction
Groundwater, which is known to account for about 98% of the world’s water

needs has the advantage of not being affected easily by natural conditions or

otherwise and it is in most cases sufficiently secluded from contaminants perco-
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lating from the surface since the earth’s layers act as the natural filter to stop
contaminants. This is why the search for groundwater is a viable option in tak-
ing on our demand for sufficient and quality water [1]. Hydraulic parameters,
especially the hydraulic conductivity and transmissivity, which are usually esti-
mated from pumping test carried out on drilled boreholes [2] [3], are of great
interest in the hydraulic characterisation of aquifer systems as it enables to de-
sign exploitation and management strategies, especially in lithological heteroge-
neous aquifers [4]. Transmissivity of aquifer systems is the main hydraulic pa-
rameter controlling long term drawdowns and is therefore important for devel-
opment and management of groundwater exploitation [4].

Increasing population rate and, water usefulness (drinking, hygiene, sanita-
tion and agricultural activities [5] have resulted in high demand in water in town
as well as in rural areas. During years 70 - 80, Cameroon through Danish tech-
nical assistance built 365 water supply networks in 335 villages spread over 8 re-
gions with 70 in West region, which functioned properly for 10 years, to meet
the lack of public water supply networks in rural areas [6]. Ndé Division was
among the selected area where facilities called “SCANWATER” were built in 9
villages (Toukouop, Batchingou, Sanki, Bandiangseu, Bangoulap, Bahouoc, Ban-
goua, Kamna and Bamena). Despite these water facilities, population is still fac-
ing to drinking water access, although many attempts of rehabilitation (three rea-
sons motivated the restoration of these water supply networks): 1) All equip-
ments of these water supply networks are still existing but poorly maintained
due to lack of trained technician during project implementation ten years ago; 2)
The privilege has been focused primarily on defective water supply network and
3) The geological context of the rural city of Bangangté and the former produc-
tivity of the catchment borehole because only 33% of them are running and
hence (in 2020, three villages amongst the nine, have their network still non-
functional, Kamna, Bangoua and Bahouoc) drinking water access rate remains
low (<15%). This has led population to adopt old practices of hydraulic drilling
such as boreholes, wells and springs, which is prone to contamination by pollu-
tants. Furthermore, Ndé division is located at the southern continental segment
of Cameroon Volcanic Line (CVL) where aquifers are complexes as far as prod-
uctivity and sustainability are concerned [6]. Except the work of [6] carried out
at regional scale, which showed a bi-layer system (an unconfined aquifer, usually
between 5 - 20 m of depth and generally used for wells, and a discontinuous fis-
sured aquifer of the basement, usually greater than 20 m of depth is used for bo-
reholes) and those about water quality and vulnerability [7] [8] [9] [10] [11], the
issue of the productivity of these aquifers has not yet been addressed in the study
area. This study aims to assess hydraulic parameters and intrinsic pumping rate
of the basement aquifers as they are critical to identify area of potential water

resources [12] [13] and are helpful for defining protection zones.

1.2. Geological Background

Ndé division is made up of a pan-African basement that belongs to the central
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domain of the Central Africa Fold Belt [14], formed by 650 - 580 Ma collision
between the Congo-Sao Francisco craton, West African Congo and Saharan me-
tacraton [15]. It consists of variably deformed 580 Ma post-collisional, metalu-
minous to peraluminous, high K calc-alkaline to shoshonite affinity I type gra-
nitoids [16], originated from the partial melting of metasomatized sub conti-
nental lithospheric mantle with little crustal contamination and emplaced at the
waning stage of the Central Africa Fold Belt in the 635 - 645 Ma (U-Pb age,
[17]), metagranodiorites and metaleucogranites associated to migmatitic gneiss.
In the study area, these pan-African rocks are cross cut by cretaceous tholeiitic
basalts [18] whose emplacement into in the upper crust was controlled by Rie-
del’s fracture kinematic model [19]. These pan-African rocks are partially cov-
ered by tertiary basalts that formed the eastern edge of the western Cameroon
Highlands located in the NE trending southern continental segment of the CVL
that stretches from the Annobon Island to Lake Chad [20]. These tertiary basalts
occur as prismatic columnar lava flow at a mean altitude of 1400 m and domi-
nantly consist of 3 - 14 Ma alkaline and 36 - 47 Ma transitional basalts [21] [22]
[23] [24]. Both basalts are the product of the interaction between mantle upwel-
ling and sublithospheric continental during a lithospheric extensional tectonic
setting [22] [25].

The studied area has recorded a polyphase deformation characterized by an
early D1 deformational phase of thrust tectonics constrained at 2602 Ma and is
defined by subhorizontal flat lying foliation exposed in the migmatitic gneiss
xenolith [17]. This early structures are transposed by NE trending transcurrent
tectonics [17] that controlled the 580 Ma post-collisional monzosyenites com-
lexe emplace at the waning stage of the pan-African event that formed the Cen-
tral Africa Fold Belt [16].

Related to this literature review, the whole data will be discussed to ensure the
availability of underground water able to supply water network to be rehabili-

tated and to prevent any pollutants in the long term.

2. Study Site and Methods
2.1. Location of the Study Area

The studied area is located in Ndé division, between latitudes 5°0'0" - 5°15'36"N
and longitude 10°23"24" - 10°38'6"E, which covers an area of 800 km? and around
92,035 inhabitants in 2005 [26] (Figure 1).

The soils are essentially ferralitic and developed on both basic and acid rocks.
Soils originated from basalt (basic rock) display very clayey texture, ensuring
good water retention capacity and a mineralogical composition made up of large
quantities of iron hydroxide, gibbsite and kaolinite. With a pH varying from 4.7
to 5.6 on the surface (thickness) and from 5.5 to 6.5 in depth (thickness), they
are rich in organic matter, poor in magnesium, potassium and phosphorus. Their
organic matter content is 5% by surface and their essential constituents are gibb-
site and goethite [29].
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Figure 1. Location (Cameroon in Africa (A) the West region in Cameroon (B)) and overview map of the geological settings of

study area (C). The geological map of the study area was simplified from [27] and [28].

2.2. Methods

2.2.1. Data Collection

Rainfalls data between 1951 and 2016, temperatures and water table measure-
ments (in September 2019 in 66 boreholes and 166 wells) used in this study,
were obtained from the Department of Agriculture and Rural Development of
Ndé Division supplemented by water table measurements carried out in Febru-
ary 2020 (in 66 boreholes, 84 wells and 33 springs) in order to describe climatic
trend and understand groundwater flow.

The estimation of the intrinsic pumping rates and hydrodynamic parameters
was carried out by pumping tests in the boreholes which previously supplied
SCANWATER. These boreholes were chosen to take into account different geo-
logical formations of the study area (that are of Kamna (F1) (volcanic forma-
tions), Lah-Gwi (F2) (volcanic formations) and Bandiangseu (F3) (metamorphic
formations) to identify the most productive aquifers.

For each pumping test, measurements of the water table were carried out the
day before. On each borehole, a curve of the evolution of the water level is drawn
and makes it possible to estimate the trend of the piezometric variations. Once
these variations have been extrapolated, the next day the step tests are started to
determine the pumping rate for the long-term pumping test. Three steps are
carried out at each borehole. Each step lasts two hours and is separated from the
next step by an equal duration. The pumping test lasted 12 hours and the recov-
ery, an equal time.

A discontinuous, three-steps pumping test were performed on the boreholes
of Kamna and Lah-Gwi. The measurements of drawdown of the three steps were
also monitored at an equal time for the recovery. Long-term pumping test (12

hours) began immediately at the end of the third step in order to impose a steady
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state drawdown. It took place at a constant pumping rate.

At Badiangseu, a three-steps pumping test has been continuously performed
on the borehole. The measurements of drawdown of the three-steps were also
monitored at an equal time for the recovery which was only followed at the end
of the third step. Pumping test of 12 hours continuously started when the initial
water level was obtained in the borehole. It operated at a very varying pumping
rate.

For the Kamna borehole, the recovery is more or less slow than the pumping
phase because, in 2 hours of pumping, when the drawdown is 4.64 m, we have a
recovery at equal time which is 3.58 m. For the Lah-Gwi borehole, the recovery
is slow than the drawdown because, in 2 hours of pumping, when drawdown is
3.21 m, we have a recovery at equal time which is 1.10 m.

At Badiangseu, the recovery is very fast because, in 6 hours of continuous
pumping, for a drawdown of 28.2 m, we have recovery in 5 minutes of 25.85 m.
After this period of time, the recovery becomes slow and returns to the initial
water table of 1 m after 4 hours and 30 minutes that is a total recovery of 27.2 m.
The drawdowns in aquifer are no longer observed around 29 meters where the
backflow occurs in spurts from 30 seconds intervals to 10 seconds at a pumping
rate of less than 1.5 m*/h. This interaction between the nearest stream and the
water table is observed after 8 hours of pumping and the water becomes very

clear from this moment.

2.2.2. Data Processing

Global Mapper and Surfer software were used for thematic and numerical car-
tography (watershed of Nkong-Ngam is the experimental study area) and Excel
for data processing (Figure 2).

The processing of all data collected enables to determine the intrinsic pump-
ing rate (critical pumping rate Q. and operating pumping rate Q..) by the me-
thod of [30] [31] [32] and the hydrodynamic parameters by the methods of [33]
[34].

Regarding the water balance, the available rainfall data cover a period of 66
consecutive years (1951-2016). The method of [35] was used to estimate the
terms of this water balance (evaporation, runoff and effective infiltration).

In Equation (1), 2 (mm) is the average rainfall, £7R (mm) is the actual evapo-
transpiration, /(mm) is the infiltration, R (mm) is runoff and ARFU is the varia-

tion of the useful water reserve under the ground or soil.
P=ETR+1+R+ARFU (1)

In Equations (2)-(4), /is the annual average temperature index, T'is the aver-
age temperature in °C, 7is the average monthly temperature index in °C, A1), a
correction factor that varies with the month and @, an index depending on 7
(Equation (5)).

ETP:l6x|:¥TxF(/1) (2)
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Figure 2. Graphs obtained after the different pumping test in the study area.
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I=|— 3
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For the determination of the hydraulic parameters of discontinuous aquifers
(transmissivity 7'in m*/s and hydraulic conductivity & in m/s), the methods de-
veloped by [31] [33] [34] were used. Jacob’s method is a graphical determination
method which results from the logarithmic approximation of the equation of
[34]. In Equations (6)-(8), the infinite series or well function W{u) has been
truncated according to the second term. yis Euler constant (0.57772156...), A is
the drawdown in each time £ expressed in m, T'is the transmissivity expressed in
m?/s, S is the storage coefficient expressed in percentage, ¢ is the time elapsed
since the start of pumping test, expressed in seconds and Q is the pumping rate
in m%/s.

4Tt ©

wiwy=r-nw)=7 {2

The expression of the drawdown at time t is defined by the following equa-

tion:

A1) = (Ine _|n(u)):&|n£ﬂj )

T anT 4nT | u
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By substituting # and y by their respective expression in the previous equa-
tion, we get the equality known as the Jacob’s equation:

0.183 2.25Tt
A(t) = = XQ |oglo( s j (8)

Moreover, for the calculation of the hydraulic conductivity, we relied on the
cross section (Figure 3) and the depth of each borehole tested (3.71 m in Kam-
na, 1.99 m in Lah-Gwi and 1.00 m in Badiangseu).

The characterization of the watershed was made geometrically and morpho-
metrically. In Equations (9)-(11), Kg is the Gravelus Index, 4 is the area of the
watershed, Leg and Jeq are the equivalent length and width respectively of the
equivalent rectangle of the watershed and P is the perimeter of the watershed
[36].

P 0.281xP
g 2\/rA VA ©)
1.12x|1+ 1—(112}
Kg
A
leq =— 11
q Leg (11)

The piezometric map is produced by Surfer software. The interpolation me-
thod used is kriging because it is very often more precise than the other methods
[37].

The calculation of the protection zones of water resource were computed us-
ing Equation (12) according to Hofmann and Lillich 7n /38/. In this, PZis the
protection zone; ¢ is the residence time in days already defined by the author (1,
5, 10, 30, 50 and 90 days); &, the effective velocity in m/day; n., the effective po-
rosity (deduced from the abacus of [39]) and i the hydraulic gradient (deter-
mined from the piezometric map) allowed the calculation of the protection zones

of water resource.

PZ(m)=txkxi/n, (12)

3. Results
3.1. Characteristic of the Watershed

The characteristic of the studied watershed, which includes the tributaries of
Nkong and Ngam rivers whose general flow direction is SW-NE and whose out-
let is the Noun River, are presented in Table 1.

Based on ORSTOM (Oversea Office of Technical and Scientifical Research,
organisation replaced nowadays by IRD (Research Institute for Development))
classification and specific elevation difference (Ds), the watershed belongs to the

class R5-R6 which is characterized by a fairly to strong relief.
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Figure 3. Sketch of the geological cross section of the study area and lithological vertical layers of each borehole.

Table 1. Geometric and morphometric characteristics of the Nkong-Ngam watershed.

. Perimeter Area Gravelus Rectangle Maximum Minimum  Average slope Difference in height
Sites 5 . K X .
(Pkm) (A km?) index (Kg) length (Legkm) elevation (m) elevation (m) (%) elevation (Dsm)
Nkong’s watershed ~ 73.21 166.7 1.60 31.27 1898 929 0.03 271.1
Ngam’s watershed 73.98 159.6 1.64 32.00 1621 900 0.11 157.9

3.2. Hydrological Balance

The results obtained by applying the method of [35] from the temperature and
rainfalls data are presented in Table 2.

8.4% of rainfall infiltrate to contribute to the groundwater recharge while
55.7% is evaporated out of a total rainfall of 1380.5 mm. 35.9% constitute the
run-off. Moreover, the excess available for run-off is zero at the Bangangté sta-
tion. From a hydrological point of view, this result shows that during this period,
most of the small rivers dry up; for 5 months, the variation in soil reserves (AR?)

is zero. Water stocks in the soil are therefore not renewed or are then strongly
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taken up by evapotranspiration which is very strong in this region; from April to
December; actual evapotranspiration (E£7R) is equal to potential evapotranspira-
tion (ETP).

During these months the recorded rainfall is lower than the £7R.

Table 2. Hydrological balance of the area studied according to the method of [35].

March April May

June  July August September October November December January February Total

ETP(mm) 861 796 755
P(mm) 857 1313 150.8
T(°C) 220 215 207
ETR(mm) 857 796 755
ETP-ETR(mm) 04 00 0.0
Ri(mm) 00 516 100.0

ARi(mm) 0.0 516 484

68.2 67.2 68.0 66.0 68.7 71.9 75.6 81.2 76.3 884.5
130.1 1334 176.9 246.9 236.0 59.1 6.7 4.4 19.2 1380.5
20.0 19.6 19.7 19.7 19.8 20.5 20.7 214 21.8

68.2 67.2 68.0 66.0 68.7 71.9 75.6 22.7 19.2 768.3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 58.5 57.2 116.1
100.0  100.0  100.0 100.0 100.0 87.2 18.3 0.0 0.0

0.0 0.0 0.0 0.0 0.0 -12.8 —68.9 -18.3 0.0 0.0

3.3. Piezometry

The water table measurements of the wells and boreholes carried out in Septem-

ber 2019 and February 2020 which are rainy and dry seasons, respectively. The

median piezometric head of the study area for wells and boreholes is 1317 + 217

m with a maximum of 1675 + 217 m and a minimum of 772 + 217 m. The me-

dian variation between the dry and rainy season in each well and borehole is 1 +

0.62 m with a maximum of 2.5 + 0.62 m and a minimum of 0.19 + 0.62 m.

Figure 4 shows the evolution of the piezometric head in the study area.
From Figure 4, the following hydrogeological zones are identified:

e The recharge area located to the NW and WSW of the study site is characte-
rized by the divergence of the underground flow. It is the least suitable loca-
tion for groundwater catchment. This explains the drying up of observed in
some water facilities in the villages of Bangoulap for instance;

e The piezometric depressions or storage area with converging underground
flow are located in the Center (F2, Lah-Gwi) and SE of the study area. These
are suitable areas for the installation of catchment boreholes [40]. However,
these storage areas constitute areas with a high risk of pollution because they
are formed by water resulting from direct infiltration (transport of pollutants
from the surface to underground: migration) and those which propagate from

the drainage areas (propagation of pollutants that are not self-purified).

3.4. Hydraulic Parameters and Intrinsic Pumping Rate of
Discontinuous Fractured Aquifers

The hydraulic parameters assessed are Transmissivity (7' in m?/s) and hydraulic
conductivity (K in m/s) meanwhile the intrinsic flow rates are critical (Q.) and
operating (Q.,) pumping flow rate. The hydraulic parameters and intrinsic flow

rate of discontinuous and fractured aquifers are presented in Table 3.
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Figure 4. Piezometric map of the study area.

Table 3. Intrinsic pumping rate and hydraulic parameters of basement aquifers in the

study area.
Kamna (F1) Lah-Gwi (F2) Bandiangseu (F3)
Critical pumping rate (Q.) in m’/h 5 10.70 2.75
Pumping rate (Q) m*h 4 10 1.5
(0] ti i t ex) 1
Eera ing pumping rate (Qer) in 45 10.50 1.80
m*/h
Hydraulic conductivity in m/s 472 x 10 3.27x 107 3.33x 10
T issivity 7’= 0.183 x (Q/
ransmissiviEy (@9 5.65x 107 3.63 x 107 3.47 x 107
in m?*/s
Transfer time for a pollutant to
. 6 56 3
reach aquifer in day
b’s li tion (As is th
Jacob's line equation (Asisthe 'y o1 5 01008 A=06120+0013¢ A=1286C
specific drawdown)
R fter 12 h f
ecoyery aiet "2 10HIS 0 A=729m A=742m A=2893m
continuous pumping
Intercepted time ti (sec) 2500 1100 90
Pumping reaction time t0 (sec) 30 0.1 10
Slope of Jacob’s line C 3.6 1.4 22

3.5. Calculation of Water Resource Protection Zone or Radius

The general hydraulic slope of the Ndé division is more or less steep and implies
direct contamination of the water table in the event of accidental pollution of a
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water facility located in a drainage zone. This hydraulic gradient is between 0.03
and 0.13 m/m and will help reduce pollutant migration rate into the ground as if
Vv, =kxi/n, where k is the permeability of the aquifer, / is the hydraulic gra-
dient and n, the effective porosity of the same material, then Vv, <k . The pro-
tection of groundwater therefore also requires implementation of the protection
zones (nearest, closest and farthest radius). Depending on the geographical posi-
tions, the choice of catchment borehole for supplying a water network to be re-
habilitated will have to be based on the piezometric map established and the
geological formation to be captured. The effective porosity (n.) derived from the
chart of [38] in the study area vary between 10% - 30%. The effective velocity
determined by [41] equation (v, =kxi/n,) is calculated for each locality in
m/day. The transfer distance in the saturated zone is determined by the method

of Hoffmann and Lillich in [39] in which the residence times are set between 1

and 90 days. The results are shown in Table 4.

From Table 4, three protection zones of water resources have been defined

[42]:

e The nearest radius (rl): 113 - 125 m from the water facility. This radius is
useful for direct installations on the water point in order to limit the risks of
infiltration of rainwater and wastewater. No pollutant source must be in this
radius;

e The closest radius (r2): 125 - 624 m depending on the piezometric head of
the study area. In this area, agricultural activities with enrichment are to be
prohibited;

e The farthest radius (r3): 624 - 1123 m. This radius corresponds to the drai-
nage zones. Pollutant sources must not be there.

These protection zone assimilated to a radius will be implemented on the field

as shown in Figure 5.

/ Rainfall'= 1381 mmlyear
\]\Eva ration
and tranSpiration = 768 mm/year

Infiltration =
116 mml/year.

Run-off =
496 mml/year.

Legend

Groundwater flow
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Figure 5. Model for implementing protection zones on the field in the study area.
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Table 4. Protection zones as a radius obtained for the study area.

Protection zones Values in m Villages Effective speed in m/day

Kamna, Toukouop, Sanki, Bangoulap,

Nearest 113 -125 12.24
Bahouoc and Bamena

Closest 125 - 624 Lah-Gwi and Batchingou 11.33

Farthest 624 - 1123 Bandiangseu 12.48

4. Discussion
4.1. Piezometry, Groundwater Recharge and Productivity

The piezometric map of the study area permits to understand the mode of drai-
nage and recharge of aquifers. This analysis of the morphology of the piezome-
tric surface in the hydrogeological catchment area shows that the piezometric
surface intersects the hydrographic network indifferently and the underground
flow are not parallel everywhere to the Nkong and Ngam streams. In addition,
the main drainage axis of the water table oriented NW-SE, is different from the
W-E and WSW-ENE trending rivers flow, which suggests a complex hydraulic
connection. These recharge zones identified by the piezometric analysis in the
high elevation zones of the watershed are consistent with the functioning of aqui-
fers in the basement area [43] [44] [45] [46] [47].

Moreover, closed piezometric contours are suitable areas for installing water
facilities. However, this configuration can reflect the impact of water withdraw-
als by the population and therefore an interpolation biased by the water table
non-steady state [48] and errors due to the absence of precise levelling.

Infiltration data from the water balance combined with the interpretation of
piezometric map suggest that the aquifer is recharged by infiltration of effective
rainfall [49] in a general case based on the assumptions of [35] [50]. Indeed, the
water balance according to [35] method allows to estimate that the infiltration
interpreted here as potential recharge would represent 8.4% of the average an-
nual rainfall. Recharge rates of 9% - 16% have been estimated in granite forma-
tions at Galicia-Costa in Spain [51]. This dependence of effective infiltration on
rainfall has been recognized in other parts of the world (e.g. [52] [53]). This val-
ue of infiltration obtained in the study area is greater than those obtained in the
basement aquifers of the city of Yaoundé (5.7%) [9] and lower than that (12%)
obtained in Bongouanou (East of Ivory-Coast) [54]. The difference between
these values could be mainly related to differences in climate whose impact on
groundwater recharge would be exacerbated by the different geology, soil, vege-
tation cover and topographic slope in the regions.

The most important transmissivities and hydraulic conductivities are found
on volcanic rocks [55]. These results are similar to those obtained in the high-
lands of West Cameroon which confirm the high productivity of volcanic for-
mations with respect to metamorphic zones [56]. Indeed, [8] also confirm the
less productivity of metamorphic aquifer of Yaoundé (Cameroon). The factors

that would govern the productivity of boreholes in basement areas are the in-
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trinsic parameters of the aquifer such as transmissivity (7), operating pumping
rate (Q.x) and specific drawdown (A/ Q) or specific capacity (Q/A). Indeed, these
parameters are directly linked to the nature of the aquifer studied and therefore,
the aquifers with the highest values of transmissivities could be the most pro-
ductive.

Empirical power equations between (YA and 7'in varying hydrogeologic set-
tings are proposed by [4]. Considering empirical Equations (13) of [57] cited in
[58] and Equation (14) of [59], the transmissivity of the study area was assessed

considering the geological formation (volcanic and metamorphic, see Table 5).

T =0.45%(Q/A)"” (Volcanic) (13)
T =0.78x(Q/ A)mz (Weakly metamorphosed sedimentary rocks) ~ (14)

From Table 5, transmissivities are in order of 10™* to 10~> m?*/sec when apply-
ing the empirical Equations (13) and (14). These results are not too different
from those obtained with the method used for this study. Nevertheless, an aqui-
fer with a high value of transmissivity is the more productive [3] and the upper
part of a fractured aquifer is also more productive [54]. Furthermore, the prod-

uctivity is not related to the depth of a borehole [60].

Table 5. Hydraulic parameters of basement aquifers in the study area according to [57]
and [59].

C Q(m3/h) A(m) QA (m*h/m) T (m*h) T (m?/s)

Kamna (F1) 0.45 4 7.29 0.55 240x 107" 6.66x 107°
Lah-Gwi (F2) 0.45 10 7.42 1.35 6.16x 107" 1.71x107*
Bandiangseu (F3) 0.78 1.5 28.93 0.052 3.81x107% 1.06x107°

4.2. Groundwater Protection

The hydraulic gradient is variable (3 - 13 x 107?) and consistent with the hetero-
geneity of the geological formations. The hydraulic parameters estimated by
pumping tests confirm the aquifer character of the geological formations [40],
and highlight their hydrodynamic heterogeneity in connection with the differen-
tial weathering, the intensity of the fracturing and their well-known probable
interconnection in the crystalline basement aquifer [61] [62]. A hydrogeological
watershed has been identified in the study area. The main drainage axis is oriented
NW-SE. The hydraulic conductivity of the saturated zone is of the order of 10™*
m/s, which gives it the term, according to [40], of aquifer and not of aquiclude or
aquitard. Based on the classification of water tables by [63], and on the piezome-
tric criterion, the aquifer of the Nkong-Ngam watershed is an unconfined aqui-
fer. With regard to the type of recharge described above, it therefore becomes
important to define the protection zones of the water resource in such a hetero-
geneous aquifer.

Few authors propose, after an inventory of the habitat in the Anga’a and
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Mingoa watersheds in Yaoundé (Cameroon), an appropriate approach for the
design of protection zones adapted to urban context [64] [65] The values of the
protection radius estimated in this study are very variable and evidences the
vulnerability of the aquifer of the Nkong-Ngam watershed. The values (113, 624
and 1123 m) of the protection zones obtained are greater than those obtained by
[64] in the urbanized watershed of the Mingoa (10, 15 and 30 m) in Yaoundé
(Cameroon). This difference is likely linked to the geological context of the study
sites.

5. Conclusions

The results of this study combined with previous data from the literature allow

to draw the followings remarks:

e The water balance shows a recharge rate of 8.4% (=116 mm/year) from a to-
tal rainfall of 1380.5 mm for the period 1951-2016 and it emerges that for
three months per year (from January to March), the excess available for
run-off is null at the Bangangté station and for 5 months, the variation in soil
storage is null. Water stocks in the soil are therefore not renewed or are then
strongly taken up by evapotranspiration which is very strong in this region.
In addition, from April to December; actual evapotranspiration is equal to
potential evapotranspiration.

e The basement aquifer of Ndé division has, on the one hand, a high produc-
tivity on volcanic formations (4.5 < Q < 10.5 m*h), but on the other hand
has also a very low productivity in metamorphic formations (Q < 1.5 m*/h).
Furthermore, hydraulic conductivity of aquifer is in order of 10™* m/sec and
transmissivity varies from 107 to 10°° m?*/sec. Three hydraulic parameters
control the productivity of this basement aquifer: transmissivity, specific draw-
down and pumping rate; and this productivity is not related to the depth of
the borehole. Empirical equation used to check transmissivities values of
aquifer in Ndé Division corroborate with the present results and confirms the
fact that, transmissivity is the most important parameter which controls the
productivity of aquifers.

Piezometric map confirms that storage areas are suitable for realising catch-
ment water facilities with a high productivity. However, these areas are also ex-
posed to a high vulnerability if protection zones are not implemented. As for the
exposure of aquifer to pollutant whose time of transfer varies from 3 to 56 days
depending on rock types and hydraulic gradient (0.03 - 0.13 m/m), three protec-
tion zones (rl, r2 and r3) have been proposed for a better protection of this
aquifer, respectively 113, 624 and 1123 m from the centre of the water facilities.
All these preliminary data will help for future hydrogeological modelization with

“Modflow and model muse” of this aquifer.
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