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Hard rocks or crystalline rocks (i.e., plutonic and metamorphic rocks) constitute the basement of all continents and
are particularly exposed at the surface in the largashields of Africa, India, North and South America, Australia and
Europe (Lachassagne et al. 2021). These rocks become aquifers only when they are affected by ruptures (cracks,
fractures). The latter concentrates most of the water resources of the ment aquifers (Tagnon et al., 2018). These
aquifers are of strategic importance, particularly in rural areas and regions where surface water resources remain
limited. Indeed, although the discharges from these aquifers are relatively modest, they regularly provide drinking
water relatively closer to the population and protected from pollution and climatic hazards. However, these aquifers
are complex (K(lmé, 1999) and are therefore the subject of numerous studies (Biémi, 1992; Savané, 1997,
Kouamé, 1999, ].El. 2000; Holland and Witthiiser, 2011; DesRoches et al., 2014; Douagui et al., 2019;
Lachassagne et al. 2021; Akpan et al., 2023; Walraevens et al., 2025). This complexity is explained by the fact that,
in the hard rocks, the levels of weathering and fracturing are variable. This implies a discontinuous spatial
distribution of aquifer’s rccm.;c, storage capacity and permeability. Thus, it is relatively difficult to predict the flow
rates to be extracted from the hard rock aquifers and the path of the water flowing there. Drinking water supply
campaigns from boreholes elmn:ref()re marked by uncertainties and the failure rates noted there often excee %o
(Tagnon et al., 2016, 2018 ; Courtois et al. 2010; Vouillamoz et al. 2014: Alle et al. 2018). These failures are due to
the combination of several factors, including poor knowledge of the complex hydrogeological environment of hard
rock aquifers. They represent significant economic losses in investment in drinking water supply projects. For
example, currently in Cote d’Ivoire, the average cost per linear meter dug in the hard rock areas can be estimated at
25,000 CFA francs (or £38.11). Thus, if a drinking water supply project drills 100 boreholes, each reaching a depth
of 100 m, a failure rate of 40 % will correspond to a loss of 100000000 CFA francs (or £152,449.02) on the
investment cost.

Several studies, most of which used a multidisciplinary approach, have advanced t vel of knowledge on hard
rock aquifers. Relatively recent work (Lachassagne et al., 2009, 2011, 2015, 2021; Cho et al., 2002; Wyns et al.,
2004; Maréchal et al., 2003; Dewandel et al., 2006, 2011) has widely popularized within the scientific community
the concept of “aquifer generated by the weathering process”™. This work showed that it is the weathering process,
not tectonic movements and lithostatic decompression, that is the key factor that transforms hard rock into an
Cl]Vil@Cl]l capable of containing exploitable groundwater. This work argued that the weathering process begins
with the swelling of certain minerals such as biotite. From there, cracking and fracturing begin, the outcome of
which is dictated by the evolution of the weathering process at the rock scale. In the weathering profile that
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7
develops, the hydrodynamic parameters (transmissivity, stg§fffe) are linked to the lithology and geometry of the
different layers constituting the weathering profile (Courtois et al., 2010).

The conceptual model of the hard rock aquifers lherca suggests a quasi-continuity of hydrodynamic properties, at
the scale of a given rock type. This approach makes it pfsible to regionalize the hydrodynamic properties of these
the sustainable management of water resources at the scale
of watersheds, through multi-layer mathematical modeling tools (Lachassagne et al., 2009, 2011, 2015, 2021).

aquifers and gives rise to practical applications such as

The statistical analysis of borehole data within the concept of aquifer generated by the weathering process, as
developed by Courtois et al. (2010), is of great interest, particularly in rural areas of developing countries. In these
countries, adequate funding for multidisciplinary hydrogeological exploration and water well drilling is often
unavailable, especially in rural areas. Thus, for localities where a database of previously drilled boreholes and
regional geological maps exist, statistical processing of borehole data, from the perspective of the aquifer concept
generated by the deep rock weathering process, provides valuable infm‘ma@ on aquifer properties. This
information could guide future drilling campaigns and be taken into account in the implementation of sustainable
water resource management tools.

This study, which is applied to the Divo-Guitry area, statistically pmcess@rilling data, within the concept of
aquifer generated by the weathering process. Like the entire southern forest part of Cote d'Ivoire, Divo-Guitry is a
strategic area in the Ivorian economy. Indeed, with a dense population, Divo-Guitry is high agricultural production
area, with, in addition, rapidly expanding mining activities. The pressure of these activities on water resources is
increasing. All of this appears to be exacerbated by the effects of climate change. This area needs to address its

wing water needs and develop a sustainable water resource management tool (Tagnon et al., 2016, 2018, 2020).
% objective of the study is to assess the geometric and hydrodynamic properties of the Divo-Guitry fractured hard
rock aquifer to guide the location of fu water wells. It identifies the specific hydrogeological parameters
associated with each rock type, determines the most productive zones in the fractured layer, the average productivity
of the aquifer, and eslabls a spatial distribution of optimal well depths to drill. This work is a continuation of
previous ones miemian et al., 2014; Kouamé et al., 2021; Aoulou et al., 2021; Bouatrin et al., 2022) conducted in
different areas of Céte d'Ivoire and which adopted the same approach to statistically analysis drilling data. However,
this study is notable for its statistical analysis, distinguishing three types of crystalline rocks (metatonalite,
metagranite, and metagranodiorite) and providing a map of the optimal drilling depth.

17

The Eormation obtained will bem important contribution to hydrogeological exploration and the development of a
water resource management tool at the regional scale.

2. Methodology

2.1. Study area
3
Divo-Guitry area is in the southern part of Cote d’Ivoire, between longitudes 5 © and 6 ° West and latitudes 5°27°

and 6 °10' East (Figure 1).

-5042°0" -59240"
Y i
~
3 s
=) |
g e 5
\
LI




71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88
89
90
91
92

93
94
95
96
97

98
99
100

101
102

Figure 1. Map presenting the study area and distribution of lithological formations

is area covers 144 km? and includes the localities of Zikisso, Lakota, Divo, Guitry, and Gbagbam. It is an area of
dense and fast-growing population (over 3.8 % / year), @:licil}g intense agricultural activities and where mining
operations are expanding rapidly (Tagnon et al., 2020). The climate consists of 4 seasons: long dry season from
November to February; long rainy season from March to June: short dry season between July and August and
finally, short rainy season from September to October.

Geomorphologically, the landscape is relatively flat, with elevation decreasing from 300 m above sea level (ASL) in
the North-west (in Zikisso area), to 20 m ASL in the South-east (in Guitry area). Thus, following the arrangements
of the geological formation bands, the thicknesses of the saprolites are generally greater on the biotite metagranite
(MGR) than on the biotite metagranodiorite (MGDR), where they are also higher than on the metatonalite (MTR)
(Tagnon, 2021).

The information about geology of the study area is mainly extracted from Delor et al. (1995). The geological
formations belong to Paleoproterozoic (Geomines 1982; Delor et al., 1995) and consist of volcano-sedimentary
rocks and intrusive rocks.

Volcam)-sedilary rocks are relatively small in extent across the study area. Two blocks, one in the northern part
and the other in the southeastern part of the study area, are distinguished (Figure 1).
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Intrusive rocks essentially cover the study area. These rocks consist of biotite metagranite (Mm), biotite and/or
hornblende metagranodiorite (MGDR), and metatonalite (MTR). The MGR bel@gxtends across the western part of
the study area and includes the localities of Zikisso and Lakota. The MGDR is in the central part of the study arca
and borders the northern bl(()f volecano-sedimentary rocks. The MTR belt, elongated NE-SW, extergffjbetween
the MGDR and the northern block of volcano-sedimentary rocks on the one hand, and the eastern block of volcano-
sedimentary rocks on the other (Figure 1).

2.2. Data

Digital geological maps and data from water boreholes Ere used for this study. The geological maps are from the
square degrees of Grand-Lahou and Gagnoa and were provided by the geology department of Céte d’Ivoire. The
water wells are distributed upon three types of lithology which are MGR, MGDR and MTR.

The database contains 275 borholes, distributed across geological formations as follows: 33 on MGDR, 92 on MGR
and 150 on MTR. Each borehole in the database is informed with the following informations: X, Y, and Z
aordimlles; geology: total depth; saprolite thickness; depth to static level; depth and fdischarfes of inflows and
mstantaneous discharge (air lift flow measured af end of the drilling by blowing air under pressure at the bottom
of the well (Courtois et al., 2010)). All boreholes cross the saprolite horizon and capture the fissured layer.

2.3. Methods

The work consisted of analyzing data from boreholes dug on three types of intrusive geological formations: MGR,
MGDR and MTR. The study was carried out on these three types of lithologies because they cover almost the entire
study area and the data we have there has a heterogeneous distribution.

First, a statistical analysis was performed to determine the distribution of each borehole parameter. Next, the
analysis focused on the variation of aquifer properties with depth. Finally, the optimal total depth of borehole to drill
was estimated, and a map highlighting the spatial distribution of this total depth was created.

2.3.1. Elementary Statistical Analysis

a]e borehole parameters analyzed are: Total depth of borehole (Td): S;lpl‘othickness (St); Length of borehole
below the base of saprolite (Lbs) and Instantaneous discharge (Qi) (air-lift flow rate at the end of development).
Each parameter, which is in fact a statistical variable, was classified into classes and the frequency of each class was
calculated. A comparative analysis of the parameter frequencies, based on lithology, was then performed.

2.3.2. Analysis of the vertical variation of aquifer properties
The geometric and hydrodynamic nvpenies of the aquifer were highlighted. The analysis first focused on the
distribution of inflows, according to the length of borehole below the base of the saprolites (Lbs).

Inflows are assumed to be associated with conductive fissure zones. Analyzing the distribution of illflc)wsilh depth
could provide insights into the permeable zones of the aquifer. Secondly, the distribution of the cumulative
percentage of linear discharges. as a function of the length below the base of the saprolites (Lbs), was studied. This
step gave rise to the concepts of linear discharges, cumulative percentage of linear discharges, and average aquifer
productivity.

2.3.2.1. Linear discharge
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Linear discharge represents the instantaneous discharge per meter of rock formation crnd. For the study of aquifer
properties, the linear discharge was preferred to the instantaneous one. The latter could be a biased variable because
it can depend on the total depth of the well (Courtois et al., 2010). Indeed, the total depth of the well would be an
arbitrary value, depeucmm()re on obtaining an adequate or desired discharge. This value therefore cannot reflect
the intrinsic properties of the aquifer.

Linear discharge can be a function of the total depth the well or can be defined nalive to the length of well below
the base of the saprolites. In this study, linear discharges were estimated relative to the well length below the base of
the saprolites. using the expression:

a@) =2 i=1n W

‘Where:

Qiis the instantaneous discharge:

liis e length from the base of the saprolites;

girepresents the linear discharge, referring to the length below the base of the saprolites:
iis the rank of the well;

n is the total number of wells.

2.3.2.2. Cumulative percentage of linear discharge

The cumulative percentage of linear discharge is highlighted through the following relation:

a
=L l=Lmax
RM= ) qil) / > ai @

I=Lmin I=Lmin

Where:
2
P4(L), denotes the cumulative percentage of linear discharge, whose length below the base of the saprolites is less

than L (m).

1
Each linear discharge corresponds to a value of well length below the base of the saprolites L (m). The linear
discharges are ranked according to increasing values of L (m). The cumulative percentages of linear discharges

(Py(L)) therefore vary from R] (Lmin) = 0 %o Pq (Lmax) = 100 %.

The curve linking each F:? (L) to the corresponding well length below the base of the saprolites is produced (Figure
3). Analysis of this cm’veghlighls the most transmissive zone of the aquifer. The latter is ()bluinnlhu)ugh the
portion of the curve that presents a linear trend and corresponds to the "Useful Thickness (Lu)" of the aquifer
(Courtois et al., 2010) (Figure 2).
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Figure 2: Curve of cumulative percentages of linear discharges for estimating aquifer fissured layer

properties (after Courtois et al., 2010)
2.3.2.3. Average aquifer productivity
The average productivity relative to the Lu is determined according to the relations:

Lu

wlw= Y q@/jlw, i=1in
I=Min(li,i=1,n)

Qu (L) = gy (L) X Lu
Ly is the effective thickness of the fissured zone:

dy (Lu) is the average linear discharge, obtained with Lu;
j(Lu)is the number of wells corresponding to Lu;

Q4 (L) denotes the average discharge obtained with the Lu.

€)

*

Qyy (L) is the resulting mean discharge for theoretical wells that would intersect the whole useful thickness (Lu)

of the fissured layer (Courtois et al., 2010).

2.3.3. Estimating the Optimal Drilling Depth

‘We define the optimal drilling depth as the depth that must be reached when drilling the borehole to ensure that the
entire most transmissive zone of the aquifer is captured. The areabeyond the optimal depth is a contingency zone.

The driller may encounter a conductive or non-conductive fracture there, and the risk of financial losses on the

investment cost is higher.




184 At a given point, the optimal depth (Pop) corresponds to the useful length (Lu) increased by the thickness of the
185 saprolites.

P, =Lu+St (5)

186 To make Pop an integer, each value of Lu and St, which is a decimal number, was rounded up to the nearest whole
187 number.

29
188 The kriging method was used to create a map showing the spatial distribution of the optimal drilling depth.

189 3. Results and discussion
190 3.1. Results
191 3.1.1. Statistical distribution of well parameters

192 The results of the statistical study of borehole parameters are presented in Table 1 below.

193 Table 1: Statistical distribution of borehole parameter frequencies according to classes

Total depth of borehole (m)

25-50 50 -75 75 -100 100 -120
MTR 3842 44.63 15.81 1.13
Frequency (%)
MGR 13.04 61.96 25 0
Frequency (%)
MGDR 3824 44.12 17.65 0
Frequency (%)

Thickness of the saprolite (m)

0-25 25-50 50-75 75-85
MTR 80 20 0 0
Frequency (%)
MGR 4022 55.43 435 0
Frequency (%)
MGDR 58.82 41.15 0 0
Frequency (%) 14

Length of borehole below the base of saprolite (m)

0-35 35 -65 65 -95 95 - 125
MTR 35.80 50.57 13.07 057
Frequency (%)
MGR 4945 42.86 761 0
Frequency (%)
MGDR 50 44.12 5.88 0

Frequency (%)

Instantaneousdischarge (m’/h)

0-25 25-5 5-10 10-20
MTR 50 22.08 19.48 844
Frequency (%)
MGR 69.32 11.36 13.64 5.68
Frequency (%)
MGDR 57.14 25 10.71 7.14

Frequency (%)
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3.1.1.1. Total depth of boreholes (TD)

All the boreholes in the database, carried out on each of the lithologies, have total depths (TDs) between 30 and 115
m. The interval 50 to 75 m has the highest frequencies, while the frequencies are almost zero on the interval 100 to
120 m, whatever the lithology. The TDs, between 50 and 75 m, represent 44.63 %, 6196 % and 44.12 %,
respectively, on the MTR, MGR and MGDR. Following this same order of lithologies, the frequencies are 38.42 %,
13.04 % and 38 .24 %, for the TDs vary between 25 and 50 m. Boreholes with TDs ranging from 50 to 100 m have
frequency estimates of 60.44 %, 86.96 %, and 61.77 %, on the MTR, MGR, and MGDR rocks, respectively.

Overall, the highest TDs are most frequently encountered first on the MGR, then on the MGDR, and then on the
MTR.

3.1.1.2. Thickness of the saprolite (TS)

Saprolite thickness range from 1.28 to 48.65 m on the MTR, from 3 .08 to 72.05 m on the MGR and from 7.54 to
48.59 m on the MGDR. Boreholes with saprolite thicknesses less than 25 m represent 80 % on the MTR band, while
on the MGR and MGDR they occupy 40.22 % and 58.82 % respectively. Saprolite thicknesses between 25 and 50 m
occupy 20 %, 5543 % and 41.15 % respectively on the MTR, MGR and MGDR. Beyond 50 m, the frequencies are
zero, except on the MGR, where the frequency is 4.35%.

The lowest saprolite thicknesses (< 25 m) have a greater occurrence on the MTR, then on MGDR and then on MGR.

3.1.1.3. Length of borehole below the base of saprolite (Lbs)

2
Length of boreholes below the base of saprolite (Lbs) less than 35 m represent 35.80 %, 4945 %, and 50 %,
respectively, for the MTR, MGR, and MGDR rocks. In the same order, Lbs between 35 and 65 m represent 50.57 %,
42.86 %, and 44.12 %. Between 65 and 95 m, the frequencies are 13.07 %, 7.61 %, and 15 88 %. respectively. There
are virtually no Lbs exceeding 95 m.

The longest Lbs are slightly more common in the MTR than in the other two lithologies (MGR and MGDR). The
frequencies of the Lbs classes, on the latter tivo (MGR and MGDR) are significantly close.

3.1.1.4. Instantaneous discharges (Qi)

Instantaneous discharges (Qi) below 20 m’/h are statistically analyzed. On the MTR, eight (8) Qi values, including
one of 45 m";’h‘ are above 20 m*/h. Five (5) Qi values above 20 m’/h are noted, including one reaching 90 m"ih, on
the MGDR. Finally, on the MGR, only one (1) Qi value (21.6 m-‘lh) is above 20 m¥h.

LowQi(2.5 m-‘fh) are more common. Their frequencies are 50 %, 6932 %, and 57.14 %, respectively, on the MTR,
MGR. and MGDR. These Qi are most frequently observed on the MGR (69.32 %), while the MTR recorded the
lowest frequency (50 %). On the other hand, regarding average Qi (25 m'/h < Qi <5 m’/h), the highest frequency is
noted on the MGDR (25 %) and the lowest is obtained on the MGR (11.36 m“fh). Qi values below 5 m'/h represent
72.08 %, 80.68 % and 82.14 %, respectively, on the MTR, MGR and MGDR.

Overall, we note that the highest Qi have a relatively higher occurrence on the MTR and lower occurrence on the
MGR.

3.1.2. Properties of the Divo-Guitry hard rock aquifer

3.1.2.1. Vertical distribution of inflows and cumulative percentages of linear discharges
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a) Metatonalite Rock (MTR)

4
The distributions of inflows and cumulative percentages of linear discharges, as a function of length below the base
of the saprolites, in the case of MTR, are illustrated in Figure 3.

Inflows are observed between 0 and 90 m below the base of the saprolites (Figure 3a). However, these tend to
decrease with depth. This decrease with depth appears more marked after 50 m, and even more so, from 68 m,
below the base of the saprolites (see the dividing line in Figure 3a). The discharges associated with these water
inflows are mostly (75.30 %) less tha@ps m*/h. Inflows with associated discharges greater than 5 m*/h (the most
variable flow rates) are predominant between 10 and 68 m below the base of the saprolites. There are several
significant discharges between 15 and 35 m’/h and one of 45 m'/h. This zone between 10 and 68 m is the zone
where the flow rates are the most variable (> 5 m*/h).

The curve of the variation of the cumulative percentages of linear discharges as a function of the length below the
base of the saprolites is presented in Figure 3b. This curve starts with 0 %, around 10 m. For its interpretation, it can
be split into three parts:

» the first part is between 0 and 4 %, withg@relatively steep slope, which would reflect two hypothesg either a low
density of conductive fissures, in the first meters below the base of the saprolites, or an uncertainty in the location of
the saprolite-fissured zone interface; this second hypothesis seems the most plausible;

+ the curve adopts a gentle decrease, highlighted by the somewhat linear shape it follows, down to 88 % (or even a
little more), corresponding to 53.99 m, representing the useful length (Lu): this suggests a regular decrease in linear
discharges, which would mean that the number of conductive fissures would be steadily decreasing with depth; this
zone would contain the most variable instantaneous discharges and would be the most productive zone of the
aquifer;
1

« after the quasi-linear zone, the graph curves and thus seems to mark the rapid decrease in linear digharges with
depth: this part of the aquifer would correspond to the lowest part of the fissured zone and would be characterized
by a low density of conductive fissures.
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257  Figure 3. Vertical distribution of the properties of the MTR aquifer: a) analysis with inflows; b) analysis with
258  cumulative percentages.

259 The useful length (Lu) of 53.99 m (obtained at 88 %), below the base of the saprolites, appears to contain the highest
260 density of conductive fissures. This Lu could be considered the horizon of the fissured layer, above the unweathered
261 MTR.

262 To ensure optimum productivity, we suggest that boreholes drilled on the MTR necessarily reach 53.99 m below the
263 base of the saprolites.

264 The average discharge obtained at this optimum depth of 53.99 mis 7.0 m'/h.
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b) Biotite metagranite rock (MGR)

The distributions of inflow discharges and cumulative percentages of linear discharges, as a function of length below
the base of the saprolites, for MGR, are presented in Figures 4a and 4b, respectively.
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Figure 4. Vertical distribution of the properties of the MGR aquifer: a) analysis with water inflows; b)
analysis with camulative percentages.

13
Inflows are present between 0 and 65 m below the base of the saprolites IJIVC 4a). However, their occurrence
appears to decrease with depth. This is particularly noticeable after 46 to 47 m, below the base of the saprolites (see
the demarcation line in Figure 4a). Most of the inflow discharges (83.43 %) are less than 5 m'/h. An exceptional
discharge of 21.6 m’/h is observed at the saprolite-fissured zone interface (0 m). The inflow discharges are more
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variable between 10 and 46 m. Beyond 46 m, there are 3 boreholes with inflow discharges greater than 5 m’/h,
including one value reaching 20 m*/h.

The curve showing the evolution of cumulative percentages of linear discharges as a function of length below the
base of the saprolites shows a regular decrease (Figure 4b). It also highlights the three parts described above, in the
case of the MTR. The fi
the effect of uncertainty in the location of the saprolite-fissured zone interface. The second part takes on a quasi-

l'l, between approximately O and 5 %, with a relatively steep slope, certainly reflects

linear appearance up to 88.59 %, corresponding to 50.58 m, before c@@ving. This suggests the regular decrease with
depth of conductive fissures and that nse are denser in the first 50 meters below the base of the saprolites. When
drilling a borehole on MGR, reaching a depth of 50.58 m, below the base of the saprolites, which corresponds to the
useful length (Lu), could ensure optimal exploitation of the aquifer.

The average flow rate obtained with the useful length (Lu) of 50.58 m is 5.14 m'fh.

¢) Biotite metagranodiorite rock (MGDR)
Figures 5a and 5b show, respectively, the distributions of inflow discharges and the cumulative percentages of linear
discharges, as a function of length from the base of the saprolites, in the case of MGDR.

The numbeaf inflows decreases with depth, and this appears more pronounced after 30 m (see demarcation line in
Figure 5a). below the base of the saprolites (Figure 5a). 75 % of the water inflow rates are less than 5 m*/h. The
most variable discharges are in the first 30 meters, below the base of the saprolites. However, significant disc‘ges
can be encountered beyond these 30 m. In fact, an exceptional discharge of 90 m'/h is highlighted, around 40 m,
below the base of the saprolites.

Like the other curves (Figures 3b and 4b), the curve in Figure 5b decreases and mainly shows three parts. The first
part starts from 0 to about 4 %, with a releltay steeper slope. Asmentioned above (see the analysis on the MTR).
this steep slope could mean an uncertainty related to the positioning of the saprolite-fissured zone interface. The
second part (quasi-linear part) extends between 4 and 87 % and highlights the greatest density nconductive fissures
in the aquifer. This zone corresponds to the useful length (Lu) which is estimated at 36.93 m, below the base of the
saprolites. Within the quasi-linear zone, points indicating slope breaks (40.13% and 47.07%), which are relatively
less significant, are perceptible. Finally, the third part, which is located beyond 87 % (36.93 m). characterized by a
steep slope, indicates the lowest part of the fissured zone, resulting from its low density of conductive fissures. To
asure optimum productivity, it would be desirable for boreholes drilled on MGDR to necessarily reach 36.93 m
below the base of the saprolites.

The average flow rate obtained with the Lu of 36.93 mis 8.30 m’/h.
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3.1.3. Spatial distribution of optimal drilling depth

Optimal drilling depths range from 45 to 124 m. Figure 6 below highlights the spatial distribution of optimal drilling
depths. The greatest values (from 89 to 100 m, or even more) are observed along the MGR belt, particularly between
Gagnoa and Zikisso, and extend towards Lakota. Intermediate depths (67 to 88 m) are also more spread out across
the MGR.
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Figure 6. Spatial distribution of optimal drilling depths

These depths, ranging from 67 to 88 m, are noted on the MGDR and MTR belts, particularly in the northeastern
part. The shallowest depths (45 to 66 m) are observed on the MGDR and MTR.
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In the southern part, around Gbagbam and between Gbagbam and Guitry, the shallowest optimal depths (45 to 55 m)
are present. They also extend towards Divo.

Overall, the spatial distribution of optimal drilling depths is guided by the spatial distribution of saprolite
thicknesses.

3.2. Discussion

The borehole parameter values were divided into different classes, and the class sizes were subject to a comparative
analysis, based on the geological formations. This study revealed the following:

- the greatest values of total borehole depths and saprolite thickness are more prevalent first on the MGR, then on
the MGDR, and finally on the MTR;

- the greatest lengths of boreholes below the base of saprolite are slightly more prevalent on the MTR than on the
other two lithologies (MGR and MGDR), which indicate substantially similar frequencies;

- the discharges range across the three lithologies is dominated by low discharges (< 2.5 m*/h); the highest flow rate
values are more prevalent, first on the MTR, then on the MGDR, and finally on the MGR.

These observations would be characteristic of exploitation boreholes, carried out in the middle ()ma hard rocks of
rural areas. Indeed, the cost of boreholes is determined by the nlear meters dug. Also, the total depth of the
borehole, which includes the thickness of the saprolites and the length w the base of saprolites, is linked to
achieving a high flow rate or the desired flow rate. Thus, for cost reasons, drilling is most often stopped as soon as
the adequate flow rate is achieved. Flow relte.\mthe middle of the hard rock are relatively modest and are generally
sufficient for rural areas, where water needs are relatively lower. In the study area, the thickness of the saprolites,
which are greater in the western part. in the localities of Zikisso and Lakota, decreases steadily towards the east
(Géomines, 1982). Thus, depending on the arrangement of the geological formations, the order of decreasing
importance of the thicknesses of the saprolites is as follows: MGR, MGDR and MTR (Tagnon, 2021).

This would explain the results obtained in this study and recalled above, in this section 3.2. Indeed, where the
thickness of the saprolites is significant (MGR), there is a tendency to have large values of total borehole depth and
where the thickness of the saprolites is small (MTR), the greatest lengths of borehole below the base of saprolites
are frequent. Also, in these areasof small thicknesses of the saprolites (MTR), high flow rates also have a greater
occurrence, certainly because the drillings extend over large lengths below the base of saprolites, thus capturing a
relatively greater number of conductive fissures.
14

The analysis of the distributions of inflows and the cumulative percentages of linear discharges made it possible to
highlight the geometric and hydrodynamic properties of the Divo-Guitry hard rock aquifer. These two approaches
revealed similar information for some and complementary information for others. In terms of complementary
information, we note a decrease with depth in the density of conductive fissures. This was highlighted by the
decrease as a function of depth, in the number of inflows, on the one hand, and the decrease as a function of depth,
in the cumulative percentages of linear discharges, on the ofr hand. Also, these two approaches revealed. in an
almost similar way, for each lithology, the area of greatest density of conductive fissures, under the base of the
saprolites. In the case of the MGR, this zone was identified at 47 m, below the base of the saprolites, with the
approach involving inflows and at 50.58 m, with the approach of cumulative percentages of linear discharges.
Regarding the complementarity aspect @ the results, the approach which involves inflows made it possible to note
the presence of the latter from n first meters below the base of the saprolites. This means that conductive fissures
would be present from the first meters below the base of the saprolites. This result is not perceptible with the rnh-:)d
using the cumulative percentages of linear discharges. Indeed, this method. in its execution. uses the lengths below
the base of the saprolites, reached by the boreholes. In the database, the minimum values taken by the latter are
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around 10 m. This is the realsnnxhy the curves involving the cumulative percentages of linear discharges (Figures
3b, 4b and 3b), start around 10 m, below the base @ the saprolites. They therefore do not provide information on the
presence or not of conductive fissures in the first meters below the base of the saprolites. The complementarity and
similarity @fjthe information obtained with the two approaches justify their concomitant use in highlighting the
geometric and hydrodynamic properties of fractured basement aquifers.

The approaches developed in this study to characterize the properties of the Divo-Guitry aquifer showed a decrease

the density of conductive fissures with depth. This observation was also made by severgpauthors including
Courtois et @/.(2010), in Burkina Faso, Aoulou et al. (2021), Kouamé et al. (2021) and Bouatrin et @/.(2022), in Cote
d’Ivoire. The useful lengths (Lu) obtained are 53.99 m, 50.58 m and 36.93 m, respectively on the MTR, MGR and
MGDR. Lu on the MTR and Lu on the MGR are practically in the same order. However, the Lu on the MTR is
greater, by about 4 m, than the Lu on the MGR. This difference would be because thegreatest basement lengths
reached by the boreholes are more numerous on the MTR than on the MGR. The useful length (Lu) obtained on the
MGDR (3693 m) is relatively lower. However, the average flow rate corresponding to this useful length, which is
estimated at 830 m*/h, is greater than the average flow rates noted on the other two lithologies (7 m*/h for the MTR
and 5.14 m*/h for the MGR). These results would be linked to the particularities of the weathered process on the
MGDR rock, at the local level.

Also, it should be noted that the number ()ﬂﬂl()les used for processing on the MGDR is relatively low. This could
introduce biases into the results obtained. In western Cote d'Ivoire, Aoulou et al. (2021) obtained a Lu equal to 43 m,
on biotite granodiorites and biotite metagranodiorites. The difference with our study is that our analysis only takes
place on the biotite metagranodiorite (MGDR) lithology. Kouamé et al. (2021) obtained a Lu of 40 m, in the
Tchologo region and Bouatrin et al. (2022) noted an average Lu of 45 m, in the Marahou¢ watershed. The results
obtained by these authors concern a set of crystalline lithologies. On the contrary, each Lu that we obtained in our
study concerns a single lithology. In Burkina Faso, Courtois et al. (2010) noted that conductive fissures have an
optimal density between 8 and 25 m below the base of saprolites, on porphyritic biotite granites. The extent of
conductive fissures is small compared to those observed in our study. This difference would be related to the local
particularities of the weathering process, which would be deeper in the relatively more humid areas of Céte d'Ivoire.

Beyond the demarcation line highlighted in Figures 3a, 4a and 5a, the presence of inflows in the boreholes is noted.
In some cases, the discharges of these inflows are considerable. This suggests that when drilling beyond the
demarcation line or beyond the useful length (Lu), it is possible to encounter open and hydraulically active fractures,
which could provide significant, even exceptional, discharges. However, the probability of encountering these
hydraulically active fractures is reduced beyond the demarcation line or the useful length (Lu).

Conclusion

Statistical analysis of drilling parameters revealed that these are characteristics of exploitation boreholes in hard rock
zones, particularly in rural areas. Indeed, high total depth values are more common in areas with the greatest
saprolite thicknesses, while drilled bedrock thicknesses are relatively greater in areas with thin saprolite thicknesses.
Also, the lowest flow rates (2.5 m‘n’h) are the most frequent. Analysis of geometric and hydrodynamic properties
showed that inflows are present from the first few meters below the base of the saprolites and that the densityof
conductive fissures decreases with depth. The most variable inflow discharges (> 5 m*/h) are noted between 10 and
68 m, 10 and 46 m and at 30 m, under the base of the saprolites, respectively, on the MTR, MGR and MGDR.
Following this same order, the calculated useful lengths (Lu), are l'especlivm 5399 m, 50.58 m and 3693 m. To
these Lu, correspond respectively, the average instantaneous discharges of 7 m'/h, 5.14 m*/h and 830 m'/h.
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