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Abstract

In Chad, hard-rock aquifers are the main source of drinking water for the population located on basement areas. In these
basement aquifers, and in particular those of the Guéra region, water drilling failure rates remain high despite research on
one- and two-dimensional electrical resistivity techniques and lineaments as a means to improve access to the resource,
mainly because these techniques are only used on an observational and structural basis to locate fractures. This study com-
bines electrical resistivity tomography (ERT) with geology, hydrogeology and geomorphology, in order to characterise the
structure and geometry of the aquifer system, assess borehole productivity and determine the factors controlling it. After
validating the large dataset and its representativeness, 315 high- and low-yield wells, of which 41 have complete geophysical
datasets, were selected. This large dataset allows a multi-parameter approach to (1) better characterise each facies according
to its electrical resistivity and (2) clearly identify the main formations constituting the local conceptual hydrogeological
model. The most suitable areas for productive boreholes are characterised by the presence of an overburden of <20 m depth,
well-developed weathered and fractured horizons of granites and biotite granites (preferably) containing little or no clay, and
a nearby drainage network. The most substantial flow rates are found in the first 30 m of the fissured horizon, below the base
of the alterites. The experience gained from the present study will guide future analysis of ERT sections in order to reduce
the probability of drilling dry wells.
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demographic growth in this region, which is the highest in
the world (~2.7%/year compared to 0.3-1.8% elsewhere;
Leridon 2015), will lead to an explosion in demand for
water in coming years. This evolution is accompanied by
economic and industrial development with consequences
for groundwater resources, both in terms of quality and
quantity (MacDonald et al. 2012; Gaye and Tindimugaya
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2019). These groundwater issues will be all the more impor-
tant in areas with basement rocks (plutonic and metamor-
phic), known for their heterogeneity and the difficulty in
supporting productive wells. These rocks cover ~40% of the
African continent (Taylor and Howard 2000; MacDonald
et al. 2012) and are exposed to deep weathering processes
(Lachassagne et al. 2021). The exploitation of groundwa-
ter resources in these aquifers remains a major challenge
for hydrogeologists in the sub-region. In Benin, Burkina
Faso and Cote d’Ivoire, the failure rate of wells located
in basement areas is between 30 and 40% (Courtois et al.
2010; Vouillamoz et al. 2014; Alle et al. 2018). In these
environments, the most productive zones have been estab-
lished as the alterite layers which are the thickest and com-
prise the least clay, alongside the well-developed fissured/
fractured stratiform horizons of the first few meters. These
zones (or aquifer layers) provide storage and transmissive
roles, respectively (Vouillamoz et al. 2015; Alle et al. 2018;
Lachassagne et al. 2021). The productivity of the wells
setup in hard rocks is generally modest, from a few hun-
dred to a few thousand litres per hour (Courtois et al. 2010;
Maurice et al. 2019). Electrical resistivity tomography has
proved useful in characterising the different compartments
of hard-rock aquifers through fairly accurate imaging of
the weathered profile—see, for example, Soro et al. (2017),
Alle et al. (2018), Belle et al. (2019), Nesny et al. (2019),
Foppen et al. (2020), Briski et al. (2020), Leborgne et al.
(2021), Maurya et al. (2021), Ouedraogo et al. (2022),
Olivier et al. (2022)—but each of these studies concerns
only a limited number of sites and data.

Like most countries in sub-Saharan Africa, Chad mainly
uses not only groundwater but also surface water to meet
the drinking water needs of its population and to ensure
the development of socio-economic activities. However,
regions characterised by a plutonic and metamorphic rock
basement, such as the Guéra region, face considerable
problems in accessing drinking water. Indeed, the needs
of the rural population and its main activities are gener-
ally met by surface water during the rainy season. During
the dry season, villagers use surface water (alluvium, alter-
ites) through traditional wells. These aquifers are highly
dependent on rainfall (Schneider 2001). In most cases, they
are exhausted before the rain returns. To overcome these
problems, deep hard-rock aquifers are an interesting alter-
native because, potentially, they constitute a longer-term
and better-quality water resource (Lachassagne et al. 2021).
Despite the progress made, the percentage of negative wells
(development flow rate of less than 0.5 m®/h), or even dry
wells, remains very high, at ~57% in the area considered
here (10th FED 2016). Wells with a development flow rate
of 0.5 m®h or more are considered high-yield (from this
flow rate onwards, wells can be equipped and operated by
a human-powered pump within the framework of hydraulic
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projects). This high percentage of failure is linked, on one
hand, to the limits of the prospective operational methods
generally applied and, on the other, to insufficient knowl-
edge of local hydrogeology. Initially, the PHPTC1/AFD
(2008) and PHPTC2/AFD (2013) programmes set up wells
by systematically conducting electrical profiling and one-
dimensional (1D) sounding. During a second phase, the 9th
FED (2011) and 10th FED (2016) programmes applied both
electromagnetic profiling (EM34) and electrical resistivity
tomography (ERT, 2D) on lineaments identified through
aerial photography and satellite imaging. The latter method
proved better suited, but the data were used only to iden-
tify structures qualitatively, locating individual fractures
without taking into account their environment: geometry,
lithology, topography, hydrography, lineament density, con-
nectivity with other structures, etc.

In truth, hard-rock aquifers in Chad have been subject to lit-
tle in-depth geophysical work. Among the studies carried out,
there is that of Abderamane et al. (2018) in the Guéra region,
based on lineaments, electrical profiling and sounding (1D),
and those of Oursingbé et al. (2012) in Lac-iro (Lake Iro)
region, and Dinard et al. (2021) in Ouaddai region, but based
on the electrical resistivity tomography (2D) of limited data.

The present study aims to characterise the hydrogeology
and the properties of the main hard-rock aquifer forma-
tions—thickness, nature, electrical resistivity ranges, flow
rates assessment—with the aim of determining the factors
that control productivity in order to increase the probability
of successfully installing wells. The study is based on a large
and multidisciplinary dataset: 315 high- and low-yield wells
with complete and validated technical data; for 41 of them,
reinterpreted ERT geophysical data have been added. This
is the first study cross-referencing data on well productivity
with that from electrical resistivity tomography, geology and
geomorphology.

Hard-rock aquifers: conceptual models
and hydrogeology

For several years now, studies on basement aquifers in
Africa and around the world have led to the development
of several conceptual models adapted to different basement
zones. Historically, many authors have considered that pro-
ductivity of hard-rock aquifers is controlled by fractures
resulting from tectonic phenomena or decompressions
(Lachassagne et al. 2001; Sander 2007; Kamagaté et al.
2007; Kouamé et al. 2010). More recently, other research
has demonstrated that mineral weathering is in fact the main
driver of fracture development within these hard rocks,
making them suitable as aquifers and allowing the flow of
significant groundwater (Dewandel et al. 2006; Lachassagne
et al. 2011, 2014; Worthington et al. 2016).
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A typical weathered profile comprises layers that have
distinct and specific hydrodynamic properties. These lay-
ers form a composite aquifer described from top to bottom
as follows (Wyns et al. 2004; Dewandel et al. 2006, 2011;
Lachassagne et al. 2011, 2014):

1. A laterite or bauxite layer, which may be absent. Where
it is preserved from erosion and recharged by heavy
rains, it may give rise to small, hilltop pools which dry
up during the dry season.

2. Saprolite (also called alterites), formed from a mixture
of weathering by-products (sand, clay, hydroxides or
oxides and residual minerals (quartz). Generally, in the
lower part, isalterites can be found and the structure of
the parent rock is generally preserved (porosity substi-
tutes the evacuated material). In contrast, in the upper
part, the structure of the rock has disappeared, and the
rock contains alloterites. At the top of the saprolite, mot-
tled clay, ~1 m thick, forms a transitional horizon with
the laterite/bauxite layer. In coarse-grained rocks (grani-
toids, gabbros), the lower part of the saprolite takes on a
laminated appearance (laminated horizon) which results
from the spacing between joints of the fractured horizon
narrowing down to millimetres. This part of the weath-
ered profile is not very permeable but relatively porous
and can hold water (Dewandel et al. 2006). This is often
the storage part of the aquifer.

3. The fractured horizon is characterized by dense frac-
turing in the first few meters which decreases with
depth. Its thickness also reaches several tens of meters;
it is generally double that of the saprolite (Dewandel
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et al. 2017; Wyns 2020). Only some of the minerals in
the rock are weathered, so the rock remains hard as a
whole and permeable. This part of the weathering pro-
file allows the groundwater to flow (Wyns et al. 2004;
Dewandel et al. 2006).

4. Unweathered rock is not permeable, except some-
times in specific locations, where certain disconti-
nuities (old tectonic fractures, veins, dykes, contact
zones between different lithologies, etc.) have enabled
weathering to occur at greater depths (Maréchal et al.
2004; Bouchot et al. 2011).

This report uses the following terminology (based on
the conceptual model of Wyns et al. 2004 as presented in
Fig. 1): overburden (O), assigned to the laterite or baux-
ite layer or other sedimentary deposits; weathered horizon
(WH), assigned to the saprolite (the upper layer of unconsol-
idated and consolidated weathered rocks); fractured horizon
(FH); and unweathered hard rock (UW).

This conceptual model has led to several operational
hydrogeological applications. These include: mapping of
the main hard-rock aquifers from topographic maps, digi-
tal elevation models (DEMs), geological field observa-
tions, well data (Lachassagne et al. 2001; Wyns et al. 2004;
Dewandel et al. 2006; Courtois et al. 2010); statistical
analysis of parameters influencing productivity (Dibi et al.
2004; Koudou et al. 2013; Maxime et al. 2014; Odile et al.
2015; Ewodo Mboudou et al. 2018); machine learning for
the identification of suitable areas (Gémez-Escalonilla et al.
2021, 2022); and geophysics, in this case, electrical resistiv-
ity tomography to characterise the structure and geometry
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Fig. 1 Conceptual model of weathering in a hard rock aquifer (Wyns et al. 2004)
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of the weathered profiles (Soro et al. 2017; Alle et al. 2018;
Belle et al. 2019; Ouedraogo et al. 2022).

Study area

The region of Guéra, located in central Chad and extending
between 10° and 14° north and between 18° and 20° east
(Fig. 2), covers an area of 23,262 km? with a population
of ~550,000 inhabitants across 700 villages, according to
the population and housing general census (INSEED 2009).

Fig.2 Location and geological
context of the study area includ-
ing the selected sites—produc-
tive boreholes (Qd > 0.5 m*h)
and non-productive boreholes
(Qd < 0.5 m*/h)

180000

Administratively, it is subdivided into four departments:
Abtouyour, Guéra, Bahr Signakha and Mangalmé. The area
studied covers the departments of Abtouyour (Bitkine) and
Guéra (Mongo), selected as pilot sites because of the low
water supply rate (13 and 22% respectively) and the availa-
bility of quality geological, geophysical and hydrogeological
data from international programmes (PHPTC1/AFD 2008;
9th FED 2011; PHPTC2/AFD 2013) (Fig. 2).

The region has a Sahelo-Sudanese type climate
(430-867 mm/year). In all, 60-70% of the rain falls dur-
ing July and August, often with high intensity. The low

@ Study region, Gy\
|
3 ®
fn 5 A
2| e
1601
025 km -y
Republic [ =292

240000

R

1350000

1300000

7
. -
by % '/ 2
0 10 [ 20%m ’. /‘g
éi. \{ 1/ Ll
Geology Locality

Recent alluvial
"] Alluvial deposits

Lateritic sediments and cuirasses
[ Calc-alkaline gra (gabbros, diorites, grano and hbl-biotite)
[ Calc-alkaline gra (biotite granite, post-tectonic)

Il Dolerite, basalt, dyke
Il Rhyolite

B Granodiorite

Il Malgachiste

@ Springer

®© Regional chief town

O Departmental chief town

® Sub-prefectural chief town
315 boreholes with validated data

® Productive

® Non-productive

¥ 41 ERT data reinterpreted
==Section
—— Main drainage network
Y Pliot subwatersheds
[_IPilot area with valid data



Hydrogeology Journal (2024) 32:759-784

763

vegetation cover and the relief mean that runoff predomi-
nates over infiltration on both plateaus and slopes.

Geologically, the region is part of the Guéra Massif,
made up of an orographic unit comprising three main
mountain ranges—Aboutelfan, Kengas and Melfi—as
well as numerous small secondary mountain ranges and
inselbergs separated by sandy open spaces. The Guéra
Massif culminates at 1,613 m at the peak of Guéra, while
the mean elevation of the surrounding plain varies between
400 and 500 m. This Precambrian massif is essentially
made up of magmatic formations, of which 90% are grani-
toids, and some metamorphic rocks. These Precambrian
rocks are locally covered by recent formations, Tertiary to
Quaternary, including laterite layers, associated with the
“Continental Terminal”, and fluvio-lacustrine (compris-
ing clay; called pediments) or fluvial alluvia, the latter
predominantly sandy and covering recent to present-day
water courses (Schneider 1989; Schneider and Wolf 1992;
Kusnir 1995).

In addition to granitoids (diorites, granodiorites, gran-
ites, charnockites), the magmatic rocks include rare gab-
bro, found east of Bitkine (Kusnir 1995). The chemical
differentiation from the most basic to the most felsic is
consistent with the relative age of formation, from oldest
to youngest (Isseini et al. 2013). The weathering of granite
leads to sandy by-products, which accumulate in valleys
crossed by rivers. Conversely, diorites and gabbro produce
a characteristic black clay through weathering.

Isseini et al. (2013) distinguished four groups of rocks
on the surroundings of Mongo, based on the relative tim-
ing of their emplacement, affected by four phases of defor-
mation: (1) the first group, consisting of gabbro, formed
prior to the crystallisation of (2) diorites, granodiorites,
and hornblende-biotite granites (granites I), followed
by (3) the formation of two-mica granites (granites II),
intruded by (4) the biotite granites (granites III). The first
two groups of rocks are affected by the D1 and D2 defor-
mation phases. They are pretectonic with respect to the
third deformation phase D3, responsible for the develop-
ment of NNE-SSW to ENE-WSW oriented shear zones.
Whereas the two-mica granites are syntectonic and the
biotite granites are posttectonic. Finally, the last deforma-
tion phase D4 is ubiquitous and responsible for the forma-
tion of brittle structures in which late dolerite intrusions
occur.

The hydrogeology in this area is characterised by dis-
continuous and localised hard-rock aquifers. There are
shallow, porous aquifers (in alluvial or alterite depos-
its) that overlie discontinuous aquifers in certain areas,
within fractures and fissures of the crystalline hard
rock. These aquifers have features in common with the
conceptual models described by Wyns et al. (2004) and
Lachassagne et al. (2014).

Materials and methods
Available raw data and data validation

The data used in this study come from the Drinking Water
Access Programme and Support for Sector-Based Policies,
piloted by the ministry in charge of water in Chad (9th
FED 2011). The database contains complete hydrogeo-
logical and geophysical information from 798 wells, 700
EM34 profiles and 592 ERT surveys at the regional level.
For productive boreholes, equipment has been installed
(screen and filter bed), and nonproductive boreholes have
not been equipped. The database contains the geographi-
cal coordinates of the wells, the state of the infrastructure,
the position of the well screens (top and bottom), the top
of the gravel pack, the drilling flow rate, the development
flow rate and the pumping rate, piezometric levels (draw-
down and rest), the depth of the unweathered bedrock, the
total depth of the well, the borehole logs, as well as the
electrical profiles and ERT together with their geographi-
cal coordinates. However, these data contain uncertainties.
The geographical position of each well was checked and
corrected where needed. After validation, 315 sites (140
of which have a development flow rate of at least 0.5 m*/h)
covering the departments of Bitkine and Mongo were
retained. Of these 315 sites, only the ERT data from 41
sites located in the Mongo and Barlo watersheds were fur-
ther selected (Fig. 2). These two watersheds share a com-
mon drainage network towards the north and were selected
because of their low well success rate and the amount of
data available, and because they are representative of the
geology and geomorphology of the targeted region.

The hydrogeological data (technical data on the wells
and on pumping) were subject to: (1) data entry and organ-
isation, (2) data quality validation by cross-referencing
parameters and (3) calculations/deductions based on dif-
ferent parameters, e.g., estimating the roof and base of
each formation. Geophysical data were subject to (1) qual-
ity validation and (2) reprocessing and reinterpretation.

Geological data and productivity
Lithology

The physical parameters of the wells, namely overburden
thickness (TO), weathered horizon thickness (TWH), fis-
sured horizon thickness (TFH), thickness above the hard-
rock (TAHR) and total depth, were extracted from the well
logs and analysed. As the boundary between the weathered
and fractured horizons can be difficult to distinguish, and
to fully quantify the weathered formations, the parameters
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(1) sum of the weathered and fissured horizons thicknesses
[T(WH+FH)] and (2) sum of the overburden and the
weathered horizon thicknesses [T(O+WH)] were added.
Other new parameters were also included, such as depth of
the roof and of the base of each different formation. Two
groups were distinguished according to the nature of the
lithology: group GRA, which includes the wells located
in granite and biotite granite, and group DIO, represent-
ing the wells located in diorite, granodiorite and dolerite.

Productivity

This study includes two productivity measures: total well
productivity and horizon productivity.

Well productivity The database contains three different
flow rates: (1) the end-of-drilling flow rate (Qf), which cor-
responds to the volume flow rate from an airlift pump and
measured following the water inflows in the various hori-
zons up to the end of drilling (the flow rate presented here
is the total end-of-drilling flow rate); (2) the development
flow rate (Qd), obtained after development, blowing and
equipping, also measured with the same compressor used
for the end-of-drilling flow rate, and (3) the step pumping
flow rate (Qp), corresponding to the flow rate measured
after a three-step pumping test, 2 h/step, using a submers-
ible pump. Figure 3 shows a comparison between these
three flow rates.

The flows Qd and Qf (Fig. 3a) have a good overall cor-
relation, with an acceptable correlation coefficient of R?=
0.62. In most cases, Qd is equivalent to Qf, showing that the
boreholes have been properly equipped. However, along the
y-axis, some boreholes show a very high Qf compared to Qd.

200 y =0.87x

R? =0.62

@)

Qd (m¥%h)

Fig. 3 Relationships between a Qd and Qf and b Qd and Qp
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This situation is generally explained by poorly dimensioned
equipment or equipment that is not adapted to the productiv-
ity levels of the aquifer. Moreover, Qd is more representa-
tive of actual borehole productivity than Qf if a productive
horizon (alterites) was isolated during drilling. Finally, Qf is
not always reliably indicated on the drill logs. For all these
reasons, the rest of the study is based on Qd, the values of
which are close to Qf, show the quality of the drilling equip-
ment and are representative of the fissured horizon’s rate of
production.

Flow rates Qd and Qp (Fig. 3b) also show an acceptable
correlation (R2 = (0.66); however, it should be noted that
Qp is often higher than Qd. Qp is directly dependent on the
capacity of the pumps used and is therefore not very repre-
sentative of aquifer productivity. The development flow rate
(Qd) is therefore retained for the remainder of the analysis
as it better reflects the conditions of the well.

Productivity of each horizon The flow rates for each horizon
correspond to the volumetric flow rates measured during
drilling operations in the water inflow zones of the various
horizons crossed, using an air-lift pumping system. This
gave the following parameters—overburden flow rate (QO),
weathered horizon flow rate (QWH) and fractured horizon
flow rate (QFH)—which were analysed with the rest of the
dataset.

Geophysical data acquisition and reinterpretation

Geophysical data acquisition was carried out by preliminary
remote sensing as described in the 9th FED report (2011).
This consisted of determining the supposed lineaments of
suitable sites, based on the reinterpretation of radar images
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(b) R%=0.66
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from the Japanese Earth Resources Satellite (JERS), oper-
ating in the L-band (23.5 cm) in HH polarisation, with a
spatial resolution of 18 m. The aim was to identify up to
three sites (or more if possible) close to villages, preferen-
tially within a radius of 3—4 km around each village, in order
to limit the distance beneficiaries would have to travel for
water. These suitable sites are called “FB points”.
The implementation methodology was as follows:

— A 100-m long EM34 profile centred on a “FB point” was
carried out to (in)validate the lineament detected from
the reinterpreted radar image. Measurements were taken
along an axis perpendicular to the anomaly in question
and at regular intervals of 10 m, tightened to 5 m over 20
m before and 20 m after the “FB point”. The diagrams
drawn up from the measurements provide information
on the existence and position of the anomalies, their dip
and the average conductivity of the terrain. A comparison
of the horizontal and vertical measurements allows an
estimate of overburden thickness and the depth at which
the anomaly was detected.

— Setup of an ERT survey—SYSCAL R1PLUS SWITCH
48 (200 W, 2500 mA, 600 V)—in a Wenner-Schlum-
berger array, along a 235 m profile (48 electrodes spaced
5 m apart).

— Setup of an ERT survey in a pole-dipole forward array
along a 235 m profile (48 electrodes spaced 5 m apart).

— Setup of an ERT survey in a pole-dipole reverse array
along a 235 m profile (48 electrodes spaced at 5 m).

— Inversion of the acquired data and geophysical
interpretation.

— Dirilling of boreholes.

The inversion was carried out through the RES2DINV
(Loke and Barker 1996) computer program after combin-
ing the data from the forward and reverse pole-dipole ERT
surveys. After performing a few “smooth” inversions in
L2 norm favouring gradual changes in resistivity, the ter-
rain was found to be too contrasting. Therefore, “robust” or
“blocky” inversions in the L1 norm were applied, making it
possible to construct models with more pronounced transi-
tions (Loke et al. 2003). Thus, blocky inversions facilitate
tracing the boundary between the weathered profile and the
unweathered hard rock (Belle et al. 2019).

The 41 ERT surveys along the two watersheds of Mongo
and Barlo were reinterpreted. The inverted electrical resis-
tivities were associated to the lithology and then interpo-
lated onto a regular grid, every 20 cm, perpendicular to the
boreholes, enabling the identification of the main geological
features: the overburden, the weathered horizon, the fissured
horizon and the basement, as well as the range of electri-
cal resistivity (pO, pWH, pFH and pUR). A morphomet-
ric analysis was also conducted describing the geophysical

models and the lithology. Data processing involved the use
of the following computer programs: ProsysIl, RES2DINYV,
Surfer, MATLAB and GIS.

Development of the geoelectrical conceptual model

The structure and geometry of the weathering profile
is based mainly on the mapping of the main formations
(from the data of the borehole logs) and the interpreta-
tion of electrical resistivity ranges (after the inversion
results of the ERT data). First, thickness data for each
horizon from the 315 points in the database were inter-
polated using kriging. This method resolves data estima-
tion problems by considering the spatial variations of the
variables processed (Matheron 1966; Ruelle et al. 1986).
Second, from the thickness data and the digital elevation
model (DEM), the elevation of each horizon (base and/or
roof) was calculated. To avoid interpolating the thickness
of the overburden and of the weathered horizon in areas
where the basement rock outcrops, 468 artificial points
were created in these areas and a value of zero was given
to overburden (TO) and weathered horizon (TWH) thick-
nesses, representing the reality in the field. The results
of this method were then coupled with those from the
geophysical survey to build a geoelectrical conceptual
model of hard-rock aquifers in the region.

Statistical analysis of geological, hydrogeological
and geophysical parameters

Validation and processing of the data led to a new database
of 315 sites with 62 parameters of which 15 were selected
for this study (Table 1). Statistical analyses were carried
out to assess borehole productivity and understand the main
criteria controlling it.

Elementary statistics represented by box plots were
carried out on the 15 parameters selected in order to high-
light the standard deviation (SD), coefficient of variation,
and minimum, maximum, mean and median values for
each parameter. These statistics were also used to ana-
lyse the parameters according to the different geophysical
models.

A comparative analysis of development flow rates (Qd)
in relation to total depth (TD) and the thicknesses of differ-
ent formations (TO, TWH and TFH) was also carried out
to determine the most productive horizons and indicate the
optimum depths not to be exceeded when drilling.

Multivariate analysis, i.e., a standardised principal com-
ponent analysis (PCA) was conducted on the 15 parameters
selected. PCA allows the simultaneous study and synthesis
of the relationships between several variables (Dibi et al.
2004; Valdes 2005), highlighting associations that could be
influenced by more than one factor.
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Table 1 Parameters used in this

- . Parameter (units)
study and their units of measure

Description

Z (m)
Qd (m*h)

TO (m)

TWH (m)
QWH (m’/h)
TFH (m)

QFH (m*/h)
T(WH+FH) (m)
TCO (m)
T(O+WH) (m)

TAHR (m)
TD (m)

pO (Qm)
pWH (Qm)
pFH (Qm)

Elevation

Development flow rate

Overburden thickness

Weathered horizon thickness

Weathered horizon flow rate

Fractured horizon thickness

Fractured horizon flow rate

Total thickness of weathered and fractured horizon
Clay overburden thickness

Total thickness of overburden and weathered
horizon

Thickness above hard rock
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Two normalised principal component analyses (NPCAs)
were carried out. The first one, at the regional scale (315
sites), analysed well productivity against 12 geological
parameters (Z, Qd, TO, TWH, QWH, TFH and QFH as
active variables, and TCO, T(WH+FH), T(O+WH), TAHR
and TD as supplementary variables) for 315 individual sites,
of which 29 are considered as supplementary sites as they
do not present all the variables. The second NPCA was run
at the scale of the two watershed areas and included the geo-
physical variables that resulted from the reprocessing car-
ried out for the present study (resistivities estimated for the
overburden pO, and the weathered pWH and fractured pFH
horizons). This second NPCA was carried out on 15 vari-
ables (including Z, Qd, TO, TWH, QWH, TFH and QFH as
active variables, and TCO, T(IWH+FH), T(O+WH), TAHR,
TD, pO, pWH and pFH as supplementary variables) for 41
individual sites, seven of which counted as supplementary
sites according to the same criteria cited above for the first
NPCA.

There are different reasons for including additional
variables. Firstly, weathered and fractured horizons can-
not be distinguished with certainty in the geological logs
(and also through resistivity values), which is why vari-
able T(WH+FH) was calculated. It sums up the thickness
of these two horizons. Secondly, the thickness of the clay
overburden (TCO) is already included in the overburden
thickness. The sum of the overburden and the weathered
horizon thicknesses (T(O+WH)), which also corresponds to
the total thickness of unconsolidated formations (TAHR), is
included as a variable in order to minimise the possibility of
excluding the weathered layer as a whole from the analysis.
Furthermore, the total depth of drilling (TD) does not seem
to be a relevant parameter given that the depth depends on
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the well yield test, the deepest boreholes often being those
that do not have a high yield. Finally, electrical resistivities
for the different formations are only available for 41 sites.
Considering them as additional variables allows a compari-
son between the two NPCAs, the first on 315 sites and the
second on 41.

Results and interpretation

Descriptive statistics of the main parameters
retained for this study

Figure 4 presents statistics for all 315 sites and the subset
of 41 watershed sites (two watersheds) for the parameters
studied for each of the different rocky formations and wells:
thickness and depths of the different horizons, the flow rates
and the resistivities of the different horizons. The mean val-
ues calculated for all 315 and for the subset of 41 sites are
fairly similar, indicating that the two watershed areas are
representative of all the points located in the region.

Well productivity

In the Guéra region, well development flow rates (Qd)
vary from 0 to 20 m*/h with a mean of 1 m*/h and a SD of
2.58. The histogram on the flow rates for the 315 regional
sites (Fig. 5a) shows that 58% of the wells have low to
null flow rates (Qd < 0.5 m*/h), 32% have medium flow
rates (0.5 < Qd < 3.5 m*/h) and only 10% have high flow
rates (Qd > 3.5 m?/h). Consequently, most wells in the
region fall into the low flow rate category. The distribu-
tion of flow rates for the subset of 41 sites—where the
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Fig.5 Development flow rate histograms and relationship between development flow rates and feature depths for a 315 sites and b 41 sites

geophysical data were reinterpreted (Fig. Sb)—is com-
parable to that of the 315 regional sites. A close look at
the graph on flow rates and depths (Fig. 5a,b) reveals
that the highest flow rates (Qd > 5 m?> /h) are observed
at a depth between 30 and 58 m, regardless of the dataset
analysed (315 or 41). For depths greater than 58 m, the
rates tend to decrease, except for one point located at 75

m. This particular well possibly intersects a deep tectonic
fracture facilitating the flow of water. The data represent-
ing the subset of 41 sites are therefore consistent with
those observed for the larger dataset (315 sites) and the
remainder of the study can focus solely on the wells and
geophysical profiles of the two watershed areas of Mongo
and Barlo (41 sites).
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Geological characterisation of formations
Role of the different horizons on productivity

A thickness map for overburden, weathered horizon and
fractured horizon thicknesses was drawn using the data
from the 315 sites studied. Development flow rates (Qd)
were plotted onto this map (Fig. 6) to illustrate the role of
each horizon on the productivity of the wells.

The overburden map for the studied area (Fig. 6a)
indicates that overburden thickness varies from 0 to 33

Fig.6 Characteristics of the
three studied horizons: a Over- @)
burden, b Weathered horizon,
and ¢ Fractured horizon. These
are thickness maps from 315
sites and relationship between

Overburden (TO)
Qd (m?/h)

m, with a mean of 5 m. Geological logs indicate that the
overburden comprises more or less sandy compact clay or
laterites with lateritic clay, clay, sandy clay, clayey sand
and sand. The map shows that the least thick overburden
is in the foothills and the thickest in the valleys. The most
productive wells are located in places where the overbur-
den thickness varies between 2 to 20 m.

The weathered horizon map (Fig. 6b) shows that thick-
ness ranges from 0 to 76 m. Figure 6b shows that the high-
est flow rates correspond mostly to a weathered horizon

thickness and development flow -
£
rates. Maps were generated -
using kriging interpolation 9
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thickness of less than 35 m, whereas over 35 m, flow rates
tend to decrease.

The fractured horizon map (Fig. 6¢) shows a heterogene-
ous thickness, ranging from 0 to 62 m. The highest flow
rates come from the top 30 m of this horizon. This sec-
tion corresponds to a crack or fracture high-density zone, as
described in the model by Lachassagne et al. (2001), Wyns
et al. (2004) and Dewandel et al. (2006). Once past the first
30 m, the frequency of fissures decreases and consequently,
so do flow rates.

Role of the lithology on productivity

To study the role of lithology on well productivity, two
groups were distinguished based on the lithological data
from the wells: wells located in granites and biotite granites
(GRA group) and those located in diorites, granodiorites
and gabbros (DIO group). Figure 7 shows the distribution of
productivity according to these two groups. Wells located in
granite (GRA group) are significantly more productive than
wells from the DIO group. Seventy-five percent of wells
from the GRA group have a Qd > 0.5 m*/h, representing 14
wells in the Mongo basin, ten of which are high-yield, and
ten wells in the Barlo watershed, five of which are high-
yield. Conversely, only 25% of DIO group wells have a Qd
> 0.5 m*/h, representing ten wells in the Mongo basin, five
of which are high-yield, and seven in the Barlo watershed,
all of which are classed as low-yield. The highest flow rates
(>3 m*/h) are found exclusively in wells located in granites.
This disparity could be due to the weathering processes that
affect differently these two lithologies. The granite appears
to have more extensive weathering than the other group,
possibly favouring aquifer storage and well productivity.

Fig. 7 Productivity by well 25 -
lithology: granites and biotite
granites (GRA group) and dior-
ites, granodiorites and dolerites
(DIO group). MG: Mongo
watershed, BL: Barlo watershed
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Lithology appears therefore of considerable interest for
future exploration.

Hydro-geophysical characteristics of the rocky
formations

The 41 site surveys show electrical resistivities between 10
and 13,000 Qm with normalized absolute error (L1 norm
or robust inversion considered to explain the data) varying
between 2.3 and 15.5%.

Resistivity ranges of the different formations

To determine the resistivity ranges of the different forma-
tions, the 41 profiles were analysed (see section ‘Materials
and methods’). The histograms in Fig. 8 represent the results.
The two watersheds have one main difference: the absence
of overburden in the Barlo area; nonetheless, the different
horizons have the same resistivity ranges in both areas. This
approach shows that, regardless of the area studied: (1) the
overburden is characterised by resistivities generally inferior
to 50 Qm; (2) the weathered and fractured horizons can be
often mistaken for each other and have resistivities between
50 and 300 Qm and 50 and 1,000 Qm, respectively; and (3)
the unweathered hard rock is quite distinct from the rest,
with resistivities always superior to 1,000 Qm. It is impor-
tant to remember that the boundaries between the forma-
tions are unclear and carry some uncertainty. Such values are
consistent with the ones proposed by Soro et al. (2017), Alle
et al. (2018), Belle et al. (2019) and Nesny et al. (2019). The
large data set used in this study allows one to statistically
confirm and refine the resistivity ranges.

Here, resistivity was considered as principally impacted
by weathering levels and clay content. Variations in

QBLDIO
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N N BL GRA
s | § \ @ MG GRA
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resistivity due to saturation levels might exist, but are
deemed small, especially for depths larger than 5-10 m. For
depths larger than that, it is likely geological formations do
not become fully unsaturated, implying moderate variations
in resistivity compared to those due to mineral composition
and weathering levels. Noticeable variations in resistivity
due to fluctuations in electrical conductivity of underground
water, combined with porosity, are also unlikely. Measure-
ments in different wells give an average water conductivity
of ca. 300 pS/cm (33 Qm) in weathered formations and ca.
500 pS/cm (20 2m) in deeper and fractured horizons (where
there is less porosity).

A new classification based on geophysical characterisation

Based on the lithological data from the wells, the electrical
profiles have been classified into four models, the statistics
of which are presented in Fig. 9: (1) model A: composed
of an overburden, well-developed weathered and fractured
horizons, and unweathered rock, (2) model A*: similar to the
previous model but with higher resistance on the surface in
its first few metres, (3) model B: characterised by little or
underdeveloped weathering throughout the profile or on the
surface of the well, and (4) model C: marked by underdevel-
oped weathering and discontinuities.

For the structural models A, A* and B, there are posi-
tive (Qd > 0.5 m>/h) and negative (Qd =~ 0 m>/h) boreholes.
Figure 9 illustrates examples of productive and non-produc-
tive wells for each of these three models as well as a nega-
tive case for Model C. Well names with the prefix MG are
located in the Mongo watershed and those with BL in the
Barlo watershed.

Model A: examples MG22 (Qd = 11 m*/h) and MG23 (Qd =
0 m?/h) This model comprises four main layers: the over-
burden with a mean thickness of 10 m, the well-developed
weathered and fractured horizons with mean thicknesses of
10 and 20 m respectively, and the unweathered hard rock at
the base. The electrical resistivities of these layers increase
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progressively with depth. This pattern is found in 16 profiles,
12 of which have wells with high flow rates because there is
little or no clay in the weathered horizon, while four profiles
have wells with low flow rates in relation to clay formations
in the overburden.

MG?22 has (Fig. 9a): (1) low resistivity (30 Qm) through
the layer of clay and sand (11 m thick according to the well
log); (2) a relatively low resistivity layer (40 Qm) of alterites
(23 m); (3) a moderate resistivity layer (130 Qm) of frac-
tured granite (18 m); and (4) a high resistivity layer (1,000
Qm) of unweathered granite, not reached during drilling.
This site is characterised by well-developed stratiform and
fractured weathered horizons. The well installed at a dis-
tance of 120 m on the ERT setup, the assumed suitable FB
point, was successful, with a flow rate of 11 m3/h.

MG23 has (Fig. 9b): (1) a layer of fairly low resistivity
(20 Qm) sandy-clay formations (12 m thick according to the
well log); (2) a moderately low resistivity layer (40 m) of
weathered granite (8 m); (3) a moderate resistivity layer (260
Qm) of fractured granite (10 m); and (4) a high resistivity
layer (3,000 Qm) of unweathered granite. This site under-
performs despite its well-developed weathering. Most likely,
the presence of clay in the overburden prevents recharge of
the underlying horizons. The well was placed here because
of the initial electromagnetic profile data (EM34), in which
clay formations may have been misinterpreted as fractures.

Model A*: examples MG15 (Qd = 12.7 m3/h) and MG14
(Qd = 0 m3/h) This model is similar to model A but there
is an additional thin resistant layer of sand, gravel or
weathered granite on the surface. Productivity in this
model is explained in the same way as in model A. Three
sites with high flow rates (MG12, MG13 and MG15) and
two non-productive sites (MG14 and MGO09) represent
this model.

Site MG15 has (Fig. 9¢): (1) a thin, low-resistivity layer
(30 @m) of clay (3 m); (2) a moderate resistivity layer (130
Qm) of sand (14 m thick according to the well log); (3)
a moderately low resistivity layer (50 Qm) of weathered



Hydrogeology Journal (2024) 32:759-784

7

Z: 408 m Site: MG22 Qd =11 mh Model A Z:447Tm Site: MG23  Qd=0mh
Resisitivity (Qm) Resisitivity (Qm)
10 f001000 20 40 60 120 140 160 180 200 220 110 100 1000 20 10 120 140 160 180 200 220
0 - 0
g20 92 Lo
K =
= =
Za0 =40 40
3 Fractured granite) 3 L
Abs error : 2.3 %, Configuration : pole-dipole, 48 electrodes spaced at 5 m Abs error : 2.5 %, Configuration : pole-dipole, 48 electrodes spaced at 2.5 m
52 : Model A* i :
Z:427m Site: MG15 Qd =12.7 m?h Z:496 m Site: MG14  Qd=0m?h
Resisitivit{y (nmg Resisitivity (Qm)
110100 100 2 40 60 80 100 120 140 160 180 200 220 110 100 1000 20 40 60 8 100 120 140 160 180 200 220
o h h N TP 0 _ 7 1 | ! o
20 20 O 20 20
® o
2 =
= 10 40 2 a0 L
40 160 60 60
Abs error : 4 %, Configuration : pole-dipole, 48 electrodes spaced at 2.5 m Abs error : 2.6 %, Configuration : pole-dipole, 48 electrodes spaced at 5 m
© . Model B
. o Z:493 m Site: BL13 Qd=1m%h o Z:457Tm Site: BL05 Qd =0 m*h
Resisitivity (Qm) Resisitivity (Qm)
1 10100 1000 2 40 60 a‘o 100 120 140 160 180 200 220 110 100 1000 20 200 220 .
) " h N 1 o p |
20 20 O 20 20
@ (]
B2 B
S0 40 240 40
2 3
60 60 60 60
Abs error : 11.2 %, Configuration : pole-dipole, 48 electrodes spaced at 5 m Abs error : 15.5 %, Configuration : pole-dipole, 48 electrodes spaced at 2.5 m
Legend : Static level
] _ ) . Model C . Site: MG ~ 3
— : Flow measurement point during drilling . Z:484 m ite: MG11 Qd =0 m3¥h
Resisitivity (Qm)
| - Screen 110 100 1000 20 60 80 120 140 160 180 200 220
: o | ! 1 0
= :Top gravel pack <
920 ~-20
—— : Boundary between layers b3
=
| :Borenole g% -0
1000 100 10 o =
, =) 60 "
w3 “bmsta e I
. > 20m Abs error : 4.9 %, Configuration : pole-dipole, 48 electrodes spaced at 5 m
Resisitivity (Qm)

Fig.9 Electrical resistivity tomography profiles for the four models: examples of productive (a, ¢, e) and non-productive (b, d, f, g) boreholes

granite (12 m); (4) a moderate resistivity layer (120 Qm) of
fractured granite (3 m); and (5) a high resistivity layer (1,000
Qm) of undrilled, unweathered granite. This site shows that
weathered and fractured horizons with little or no clay, but
that are sufficiently thick (26 m of loose formations), lead to
good flow rates even if overlaid by a resistant layer.

MG23 has (Fig. 9b): (1) a layer of fairly low resistivity
(20 2m) sandy-clay formations (12 m thick according to the
well log); (2) a moderately low resistivity layer (40 Qm) of
weathered granite (8 m); (3) a moderate resistivity layer (260
Qm) of fractured granite (10 m); and (4) a high resistivity
layer (3,000 Qm) of unweathered granite. This site under-
performs despite its well-developed weathering. Most likely,
the presence of clay in the overburden prevents recharge of
the underlying horizons. The well was placed here because
of the initial electromagnetic profile data (EM34), in which
clay formations may have been misinterpreted as fractures.

Model B: examples BL13 (Qd = 1.6 m? /h) and BL05 (Qd = 0
m?3 /h) This model is characterised by an almost complete
lack of overburden, an underdeveloped weathered horizon
(average thickness less than 10 m), a fractured horizon about
20 m thick and unweathered rock. The electrical resistivi-
ties of this model evolve gradually with depth. Model B is
observed in 18 site profiles, including five productive wells
linked to a lateral water supply and 13 non-productive ones
due to the absence of a storage reservoir.

BL13 has three main layers (Fig. 9¢): (1) a weak topsoil
layer (3 m according to the well log); (2) a moderate resistiv-
ity layer (250 Qm) of weathered granite (15 m); (3) a moder-
ate resistivity layer (950 Qm) of fractured granite (30 m);
and (4) a high resistivity layer (1,500 Qm) of unweathered
granite. The facies in this profile are laterally discontinuous.
On one side, a weathered and fractured horizon (located on
the last 120 m of the ERT survey) and on the other side,
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a fractured horizon in which the well is located (107.5 m
on the ERT survey). This borehole has a very modest flow
rate (Qd = 1 m%/h), possibly due to the lateral recharge
of the weathered and fractured horizons. The well could
have encountered more productive formations had it been
installed to the right of the ERT survey, ideally 160—220 m.

At BLOS5, the following layers succeed each other
(Fig. 9f): (1) a weak layer of topsoil (1 m); (2) a moderate
resistivity layer (750 Qm) of weathered granite (7 m); (3) a
moderate resistivity layer (750 Qm) of diorite, granodiorite
and fractured granite (44 m); and (4) a high resistivity layer
(1,130 Qm) of unweathered granite. This profile with little
weathering is also marked by a lateral discontinuity, imped-
ing the lateral feeding of the well.

Model C: example MG11 (Qd = 0 m3/h) This model resem-
bles model B but is characterised by the presence of a dis-
continuity/fault. Site MG11 is unsuitable for a productive
well due to the absence of a sufficiently developed weathered
horizon to feed the fissures. In addition, discontinuities pre-
vent any potential lateral recharge.

MG11 has (Fig. 9g): (1) a highly conductive layer (20
Qm) of sandy clay (8 m); (2) a moderately conductive layer
(130 Qm) of weathered dolerite (8 m) and (3) a moderate
resistivity layer (200 Qm) of fractured dolerite. This profile
stands out among the others because of its lateral and verti-
cal discontinuity. It highlights a deepening corridor located
perpendicular to the well between abscissas 100 and 120 m
of the ERT survey. This zone could correspond to a fracture
or a fault, not supplied with water because of no water res-
ervoir in the overlying layers.

It is worth noting that among the sites described, wells
MG22 and MG15 (models A and A*, 11 and 12.7 m’/h respec-
tively) are more productive than well BL13 (model B, 1 m’/h).
This difference is related to the thickness and to the degree of
alteration of the weathered horizons in these different profiles.

From all the profiles, it appears that the most productive
wells (Qd > 3 m>/h) are characterised by a thick weathered
layer or alterites (mean thickness of 12 m), containing little
or no clay, and a thick fractured horizon (mean thickness of
20 m). Whereas the low flow rates wells (Qd ~ 0 m*/h) have
little or no alterites, or have alterite layers dominated by clay.

Distribution of the different models

Two lithological sections (Fig. 10) reveal the geometry and
continuity of the main aquifer strata. One is a longitudi-
nal section (C1) along the main water drainage network of
the Mongo watershed, oriented south—north (Fig. 10a), and
the second represents a cross-section through the Barlo and
Mongo watersheds, oriented WSW—-ENE (Fig. 10b). These
sections clearly show the different rocky formations in the
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region, even though the boreholes reveal varying thick-
nesses. In the longitudinal section (C1), the most productive
wells, namely MG15 and MG13, have respective flow rates
of 13 and 9 m3/h, correspond to model A* and are located
in the granite. They are characterised by little clay overbur-
den, and well-developed weathered and fractured horizons
(10-15 m and 13-18 m respectively) with significant water
inflow in the upper part of the fractured horizon. Moderately
productive wells, such as MG19 (2 m’/h), MGO5 (1.7 m*/h)
and MG24 (1.4 m*/h), corresponds to model A and are also
located in the granite. Nonproductive wells either have very
little or no overburden or weathered layer, or clay is present
in these formations. Cross-section (C2) is consistent with
longitudinal section (C1). Cross-section also reveals reduced
thicknesses for the overburden and weathered layer for non-
productive wells compared to productive ones.

The distribution of the different models and well produc-
tivity at the catchment scale were also analysed. The profiles
and the associated models are presented on a topographic
map produced through QGIS software, using 30-m reso-
lution satellite images from the Shuttle Radar Topography
Mission (SRTM; Fig. 11). The watersheds studied and the
main drainage networks extracted from the DEM are shown.
It should be noted that regardless of their Strahler order, the
drainage networks are dry most of the year. The map also
illustrates the lithology of the hard rock intersected by the
wells and the development flow rate for each well.

Besides well productivity, the lithology seems to dictate
the spatial distribution of the models. There are more A and
A* models in wells located in granite, with a total of 14—11
A and 3 A* compared to only 7 in dolerite, diorite or grano-
diorite—5 A and 2 A*. As shown in the preceding (Fig. 7),
wells located in granite are more productive than those in
granodiorite: among the 11 model A wells in group GRA, 9
are positive and 0 negative, and the 3 A* wells have a Qd >
0.5 m/h. Conversely, among the five A wells in group DIO,
three have a Qd above 0.5 m>/h and two below, together with
the two A* wells from group DIO.

Model B wells are observed in both groups (10 in group
GRA and 9 in group DIO). Of the 10 model B wells in granite,
3 are productive and 7 nonproductive. Among the nine model B
wells in dolerite, diorite or granodiorite, three are productive and
six nonproductive. The lack of overburden and the underdevel-
oped weathered horizon in model B seem to be the key param-
eters influencing productivity, regardless of lithology. Model C
closely resembles model B, but the wells are all nonproductive.

Model A and B wells are not evenly distributed in the two
water catchment areas studied. Among the 16 A wells, 11 are
in the Mongo Basin and five in the Barlo Basin; while the five
A* wells are all located in the Mongo Basin. For Model B,
12 are in the Barlo catchment and seven in Mongo area. This
difference could be related to the surface lithology: (1) dom-
inance of granite versus granodiorite (unfortunately, these
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formations cannot be distinguished through the geological
map of the studied area) and (2) the presence of an overbur-
den seems to be a key factor in the increase observed on the
weathering processes of the hard rock below. Indeed, there
is a lack of overburden in the Barlo catchment compared to
Mongo. This study therefore highlights the role of the over-
burden, a horizon never before considered in such detail.

Combined approach: geological, geophysical
and productivity data

Statistical analysis of the parameters according
to the models

A statistical representation of the different variables is shown
in Fig. 12, facilitating the comparison between the ranges of
all parameters for the different models defined previously. The
wells corresponding to model A are marked A* when they are

high yield and A~ when they are low yield. It is clear from this
analysis that some of the variables cannot be used in isolation to
positively distinguish between high- and low-performing wells.
This is the case, for example, for Z, TO, TWH, TFH, pO and
pFH, which only partly explain well performance. For a site to
be classed as suitable, it requires several complementary crite-
ria; nonetheless, there are a few parameters, such as TAHR or
T(O+WH), and pWH (this last one needs to be relatively high,
close to 100 Qm, i.e., not too clayey, for the most productive
sites A+ and A*+), that are statistically related to well produc-
tivity, suggesting they are key factors.

Normalised principal component analysis

Two different NPCAs were carried out (Fig. 13): a regional
NPCA based on the combination of borehole productivity
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and geological parameters, and a NPCA at the scale of the
two watersheds, including geophysical parameters.

Coupled analysis between geological criteria and production
rate: regional scale (315 sites) Figure 13a,b illustrates the
NPCAs applied to 315 and 41 sites respectively. Factors F1, F2
and F3 express 61.75% of the total variance of the data. The F1
axis expresses 26.86% of the variance and is determined by the
grouping of variables corresponding to the well productivity
(Qd — QFH). The variables Qd and QFH are strongly corre-
lated (R = 0.76), reflecting the significant contribution of QFH
to the total productivity of the wells (Qd). These variables are
negatively correlated to the TD of the boreholes, explained by
the fact that wells classed as low yield are often deeper than the
others (Fig. 5a,b). In fact, drilling is pursued down to the base-
ment until there is sufficient water inflow. The distribution of
individual sites places the high-yield wells in the positive part
of the F1 axis, on the side of productivity, and the low-yield
wells in the negative part of this axis.

The F2 axis expresses 18.54% of the variance. Positive
scores group TWH, Z and QWH, and T(O+WH) and TAHR.
Thickness of the weathered horizon (TFH) scores negatively.
This axis reveals the relationship between elevation Z with
both thickness and flow rate of the weathered horizon (TWH
and QWH), possibly explaining why the weathered hori-
zon is preserved in the higher elevation areas, as opposed
to its erosion in the valleys. There is also a strong correla-
tion between T(O+WH) and TAHR, confirming the positive
match between the data acquired when drilling the borehole
and geological observations, and validating the descriptive
quality of the latter.

Axis F3 expresses 16.35% of the variance and is defined
by the opposition between the overburden thickness (TO
and TCO) and the thickness of the weathered and fractured
horizons [TWH, TFH and T(WH+FH)]. Site distribution
places the wells of the Mongo watershed in the positive part
of the F3 axis and the wells of Barlo in the negative part. The
factorial plots F1-F2 and F1-F3 for 315 sites reveal that well
productivity is largely dependent on the flow rate from the
fractured horizon, independent of its thickness.

Coupled analysis between geological, geophysical and
productivity criteria at the level of the two watersheds (41
sites) For the two watersheds (41 sites), factors F1, F2
and F3 express 70.28% of the total variance of the data
(Fig. 13c,d). The F1 axis expresses 33.05% of the variance
and is defined by the group “Qd-QFH-T(O+WH)-TAHR”
representing well productivity on the positive side of the axis
in opposition to TD and the resistivities of the weathered and
fractured horizons (pWH, pFH). This means that the greater
the flow rates, the lower the resistivity ranges of the weath-
ered and fractured horizons (pWH, pFH; i.e., their resis-
tivities move away from those of the unweathered bedrock)

reflecting the advanced stage of weathering. This seems to
contradict the fact that clay corresponds to the lowest electri-
cal resistivities. It should be noted that the wells correspond-
ing to models A and A*, characterised by a sufficiently thick
weathered zone, are the most productive. These wells are
mainly located in the Mongo watershed (76%), appearing
on the positive side of the F1 axis. The correlation between
(Qd-QFH) and weathered horizon thickness is also stronger
among the 41 sites than for all 315 sites analysed together.

The F2 axis expresses 21.38% of the variance. The thick-
ness of the overburden (TO and TCO) and the fractured hori-
zon (TFH) appear opposite to the thickness and the flow
rate of the weathered horizon (TWH and QWH) as well as
to the elevation (Z) of the wells. As for the global analysis,
this axis characterises the thickness of the formations and
shows the influence of geomorphology (in this case the Z
topography) on weathered formations thickness. It is clear
that these loose formations are subject to the thickness of the
overburden, and that this latter thickness is in opposition to
the weathered horizon thickness.

The factor F3 expresses 15.85% of the variance. Positive
scores define the flow rate in the weathered horizon (QWH),
whereas negative scores describe the thickness of the weathered
and fractured horizons [TWH and T(WH+FH)]. This shows
that at the watershed level, TWH and QWH are not necessarily
linked, contrary to what appears at the regional level (315 sites).

The analysis of these 41 sites shows that Qd is essentially
controlled by the flow rate in the fractured horizon and by
the thickness of the unconsolidated formations (mainly the
overburden). The flow rate (Qd) seems to be independent of
the flow rate of the weathered horizon and negatively cor-
related to the total depth (TD) and the resistivities (i.e., it is
positively correlated to the conductivities) of the weathered
and fractured horizons (pWH and pFH). A hypothesis to
explain the latter two variables is that a high resistivity value
is indicative of underdeveloped weathering in the fractured
horizon (i.e., electrically resistant hard rock close to that of
the unweathered layer), as opposed to a low resistivity value
reflecting more advanced weathering.

Discussion

The current approach shows that the joint use of ERT, geol-
ogy and well productivity is effective in improving the char-
acterisation of aquifers and assisting in the construction of
conceptual hydrogeological models.
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Contribution of electrical resistivity tomography
to the detection of aquifers: comparison
of the geoelectrical model with previous studies

ERT effectively differentiates the hydrogeological compart-
ments of hard-rock aquifers. Albeit, the resistivity ranges
for the weathered and fractured horizons can be continuous
and thus these horizons can be difficult to distinguish using
this parameter (Soro et al. 2017; Alle et al. 2018; Belle
et al. 2019; Nesny et al. 2019). The large dataset in this
study has helped better establish the probable facies based
on electrical resistivity. The analysis of the geophysical
profiles allowed four main formations to be clearly iden-
tified and their nature, thickness, arrangement, disconti-
nuities and depth of water inflow to be specified where
possible. These are, from top to bottom, the overburden,
the layers with water-bearing potential (in particular, the

weathered and fractured horizons), and the unweathered
basement.

The overburden layer is well delineated with electrical
resistivities below 50 Qm, whereas the work of Soro et al.
(2017), Alle et al. (2018), Belle et al. (2019) and Nesny et al.
(2019) did not identify this layer. It includes laterite and
bauxite layers and alluvium, and is composed of laterite with
lateritic clay, compact clay with varying degrees of sand,
clay, clayey sand and sand.

The weathered horizon resistivity ranges between 50
and 300 Qm and is generally composed of two parts—
an upper part made up of loose, moderately conductive
formations and a lower part represented by consolidated,
moderately resistant formations. The geoelectric proper-
ties of this horizon are comparable to results obtained in
Benin (Nesny et al. 2019) and in Burkina-Faso (Soro et
al. 2017).
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The fractured horizon has highly variable electrical
resistivities ranging from 50 to 1,000 Qm. It is generally
characterised by two series of fissures—sub-horizontal and
sub-vertical—whose density decreases with depth. The geo-
electric properties of this horizon are somewhat different
to those proposed by Belle et al. (2019) at Saint-Galmier,
France and at Sparouine, French Guyana, which can be
explained by the fact that the areas studied did not undergo
the same geological and climatic history.

The resistivity ranges for the weathered and the frac-
tured horizon in the present study may be due to the pres-
ence or absence of water, the degree of weathering, and the
mineralogical composition of the existing rocks, including
biotite granites, diorites, granodiorites, dolerites, etc., as
highlighted by Olona et al. (2010). These resistivity ranges
do not allow for a precise identification of the boundary
between these horizons.

The unweathered hard rock is clearly distinguishable from
the other formations, with resistivities always above 1,000
Qm. It is generally very resistant, except in certain specific
places characterised by the presence of discontinuities: old
fractures of tectonic origin, veins, dykes, etc. (Wyns et al.
2004; Maréchal et al. 2004). The geoelectric properties of
the unweathered hard rock are comparable to those obtained
in other regions, even when the geological and climatic con-
texts are different (Soro et al. 2017; Alle et al. 2018; Chandra
and Tiwari 2022; Olivier et al. 2022; Ouedraogo et al. 2022).

Figure 14 illustrates these different layers as a conceptual
diagram of the weathering profile. This conceptual model
is consistent with that developed by Wyns et al. (2004),
Dewandel et al. (2006), Lachassagne et al. (2011) and Belle

Thickness of formations (m)

et al. (2019), although the names and boundaries of the dif-
ferent sections are somewhat different.

Factors controlling well productivity

The statistical, spatial and multicriteria analyses carried
out in this study have helped better assess and define the
main factors controlling well productivity. Productivity is
generally low, with a majority of wells studied exhibiting
low flow rates. The highest flow rates (over 5 m>/h) are
observed in wells with a depth of 30-58 m. These results
are similar to those of Abderamane et al. (2018) in the
region, as well as those of Dibi et al. (2004), Maxime
et al. (2014) and Odile et al. (2015) in the crystalline hard
rock aquifers of Cote d’Ivoire. Data from previous pro-
grammes (PHPTC1/AFD 2008; PHPTC2/AFD 2013) have
already established that maximum well depth should not
exceed 80 m in the region. The aim is to avoid unneces-
sary but frequent overdrilling during well installation cam-
paigns. Overdrilling does not improve well performance
and impacts heavily on the budget allocated to projects.
Several works carried out in West Africa have also defined
optimal well depths in crystalline rock areas (Kouadio
et al. 2010). In the Katiola region of Cote d’Ivoire, for
example, the maximum drilling depths proposed are 80 m
in granite and 100 m in shale (Maxime et al. 2014). In the
far north region of Cameroon, the drilling depths not to be
exceeded are 70 m for granitic formations, 55 m for meta-
morphic and 75 m for volcanic (Ewodo Mboudou et al.
2018). Spatial and multicriteria analyses, as well as geo-
physical profiles, show that well productivity is influenced

Fig. 14 Conceptual model of hard-rock aquifers as revealed by the present study

@ Springer



Hydrogeology Journal (2024) 32:759-784

779

by the geometric, structural and geoelectrical properties of
the subsurface, the lithological facies and geomorphology.

Geometry of the formations

Overburden is one of the key factors, but it plays a com-
plex role due to its nature and thickness. Its role in well
productivity is positive when it is permeable (alluvium,
or of a low or no clay nature) and when its thickness
does not exceed 20 m (see Fig. 6a). Sites where thick-
nesses exceed 20 m usually contain predominantly clay
and are therefore impermeable. These results are con-
sistent with those obtained in the Ouaddai basement
aquifers of eastern Chad (PREPAS 2018). Weathering
processes appear to be enhanced by the presence of a
minimum overburden thickness. The lower productiv-
ity in the Barlo catchment might be partially due to the
limited extension (vertical and horizontal) of the over-
burden layer.

The weathered horizon also partly controls well produc-
tivity (see Figs. 6b, 9, 10, 13 and 14). The highest flow rates
are found in the first 35 m of this horizon. Beyond that, flow
rates decrease, a result that is in line with those of N’Go
et al. (2005) and Maxime et al. (2014) for Cote d’Ivoire.

The cumulative thickness of the overburden and the
weathered horizon, i.e., the thickness of the unconsoli-
dated formations (TAHR), is significantly correlated
with the flow rate as indicated in the 41-site NPCA (R =
0.7). Several authors have demonstrated that weathering
is a key factor in well productivity (Wyns et al. 2004;
Maréchal et al. 2004; Dewandel et al. 2006; Ahoussi et al.
2013; Vouillamoz et al. 2015; Worthington et al. 2016;
Soro et al. 2017; Ewodo Mboudou et al. 2018; Alle et al.
2018; Belle et al. 2019; Lachassagne et al. 2021). Indeed,
alterites and weathered formations, generally composed
of sand and clay, have an important groundwater storage
capacity, as confirmed by Legchenko et al. (2006) and
Courtois et al. (2010).

The fractured horizon plays an essential role in well pro-
ductivity, especially in the first 30 m. It ensures aquifer trans-
missivity provided it is beneath a weathered horizon and/
or a suitable overburden ensuring the aquifer’s storativity.
Beyond 30 m, the water inflow and the flow rates decrease
as a product of the lower fissure density in the rock as depth
progresses. This has also been observed elsewhere (Dewan-
del et al. 2006, 2017; Chandra et al. 2008; Lachassagne et al.
2011, 2014, 2021; Ahoussi et al. 2013; Assemian et al. 2013).

Lithology of basement rocks
The main lithologies in the area studied are granites, biotite

granites, diorites, granodiorites and dolerites (see Figs. 2 and
8). These rocks have different mineralogical compositions

and hydrodynamic properties. Contrary to granites and bio-
tite granites, the weathering of diorites, granodiorites and
dolerites produces mainly clay (Isseini et al. 2013). The
well logs confirm the presence of clay in zones dominated
by weathered diorite, granodiorite and dolerite. This clay
decreases the water infiltration capacity of such geologic
formations (Rusagara et al. 2022).

Of the 20 high-yield wells, there are more of these wells
in granitic areas (75%) than in areas with dolerite, diorite
and granodiorite combined (25%; see Fig. 7). Similarly, the
highest flow rates (>3 m>/h) occur systematically in gra-
nitic areas. Low-yield wells are present in both areas: 57%
for dolerites, diorites and granodiorites, 43% for granites.
According to Wyns et al. (2015) and Lachassagne et al.
(2021), biotite granites are extremely suitable for the devel-
opment of a fractured horizon. Indeed, these micas have
swelling properties that favour cracking.

Classification based on geophysics

A new classification is proposed, by synthesising the geo-
metric and lithological information based on geophysics
results. Models A and B appear to be dominant in the Guéra
region and are perfectly coherent with the conceptual models
presented by authors in the literature cited.

Models A and A* (the latter being somewhat resistant at the
surface) are the most suitable for water productivity because
they are characterised by well-developed weathered, stratified
and fractured horizons. Of the 21 A and A* wells, most are
classed as high yield (15 of 21 with Qd > 0.5 m’/h). Of the 15
high-yield boreholes, 12 are in granite or biotite granite areas
and only three are in dolerite, diorite and granodiorite areas.

Model B is the most unsuitable regardless of geo-
logical nature because it is characterised by little or no
weathering, which allows for little or no groundwater
storage. Of 19 wells (12 in Barlo and seven in Mongo),
only 5 are high yield, including 3 in biotite granite areas.
Model C characterises a single site located in a dolerite,
nonproductive environment. It refers to poorly developed
weathered and fractured horizons with lateral and verti-
cal discontinuities.

The present research confirms the hypothesis that
a thick weathered zone overlying a stratified fractured
area constitutes a suitable hydrogeological target for the
implantation of wells (Vouillamoz et al. 2015; Alle et al.
2018). It also reveals that the thickest weathered layers
are generally clay-dominated (see Fig. 12d). It is therefore
important to check the geological nature and particularly
the proportion of clay in the overburden and the alterites,
as this affects well productivity. As shown in the NPCAs,
there is no correlation between well performance and one
single parameter; several factors are required for a well
to be productive.
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Geomorphology

Geomorphology also seems to play a role in well productiv-
ity. The most productive wells are mainly located in low-
lying areas near drainage networks (see Fig. 11). These
low-lying areas seem to be conducive to the accumulation
of surface water during the rainy season and actively con-
tribute to the aquifer recharge. In riverine areas, there may
also be a convergence of groundwater favourable to well
productivity in these areas. Low-yield boreholes are pref-
erentially located in the upstream areas of the watersheds.
Areas of intense fracturing, such as fractured rock outcrops
and drainage networks, may be the preferred areas for water
infiltration (Millogo et al. 2020; Rusagara et al. 2022). The
importance of geomorphology in identifying suitable areas
has also been highlighted by Elbeih (2015) in Egypt, and
Gomez-Escalonilla et al. (2022) in Mali.

Synthesis

To maximise the chances of drilling a productive well, it is
preferable to choose a site with a lithology consisting essen-
tially of granites and biotite granites, a type A or A* altera-
tion model with well-developed weathered (linked to low
resistivity values) and fractured horizons in the same loca-
tion (average thickness around 10 and 20 m respectively),
containing little or no clay. The presence of an alluvial or
a low-clay overburden, with a thickness not exceeding 20
m, is a major asset. In addition to these criteria, some geo-
morphologies are better suited than others: downstream of
the watershed, close to a watercourse or a drainage system.

The 41 sites are distributed as follows: 24 sites in the
Mongo area, of which 15 have a well with a flow rate Qd
> 0.5 m%/h, and 17 sites in the Barlo area, of which five
have a flow rate Qd > 0.5 m>/h. In total, there are 20 high-
and 21 low-yield wells. If the two watersheds are compared
based on available well data, well productivity is better in
the Mongo area than in the Barlo watershed. Indeed, Barlo
does not have all of the previously cited criteria, with a very
limited weathered layer (overburden and alterites). These
unconsolidated formations may have suffered more signifi-
cant erosion in the Barlo area, resulting in less productive
wells than in the Mongo watershed.

Limitations

There are limitations to this hydrogeophysical approach
to identifying suitable sites for the implantation of future
hydraulic works. These can be due to the choice of the area
studied by previous programmes. Indeed, as the hydraulic
works were of a prospective nature, with a view to providing
the population with drinking water, and not within a global
framework of scientific research, the wells were drilled close
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to the villages (on an average distance of 3—4 km, to limit
travel in order to obtain drinking water), which leads to a
sampling bias. More representative sampling, according to
different contexts, could further improve the knowledge of
this complex crystalline environment. It is worth noting that
the present study is focused on the Guéra massif. Similar
analysis should be carried out in other granitic basement
areas in other countries to confirm the conclusions made in
section ‘Synthesis’.

From a lithological point of view, there are also small
inconsistencies in terms of the quality of the geological
descriptions provided at the time of drilling. The work was
carried out by different technicians, each of whom describes
according to his or her design/training on an observational
basis—for example, it is very difficult to distinguish the base
of the alterites from the roof of the fractured horizon from
the lithological descriptions.

It is also important to note that the well’s geophysical
probabilistic analysis was only vertical, without consider-
ing its surroundings. Finally, the boundaries between the
different formations identified are not clear-cut and present
uncertainties.

Principal component analysis is a descriptive statistics
method that allows for a simplified representation of a large
dataset by reducing the number of factors. In the present
PCA, all boreholes—productive or nonproductive—were
taken into account, which means that the flow rates are not
well distributed, with 56% zero flow rates and only a few
high flow rates, rendering difficult the analysis of the results.
It is, however, a very useful method for understanding a
large dataset, making it possible to highlight statistical links
between borehole productivity and “explanatory” parameters
such as lithology, depth, clay content, etc.

Conclusion

In the crystalline basement of Guéra region, the exploitation
of groundwater is the only alternative to meet the drinking
water needs of the population and ensure the development of
socio-economic activities. Electrical resistivity tomography,
with geological, hydrogeological and geomorphological analy-
ses, has enabled a better understanding of the geometry and
characteristics of the main hydrogeological targets for new or
future drilling. Future analysis of ERT sections based on the
results of this study could help increase the probability of drill-
ing positive wells. Areas where the estimated thicknesses from
ERT of the overburden (maximum of 20 m) and weathered
horizons (on the order of 10-20 m) are not optimal should
be avoided. The conceptual hydrogeological models produced
here are consistent with recent models of hard-rock aquifers
proposed in the literature. The geoelectrical properties of these
models were compared with other profiles from the literature
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cited. Discrepancies were observed and can be attributed to
different geological contexts and histories, and possibly even
to different climates.

This analysis of aquifer system productivity in Guéra
reveals relatively modest flow rates (with a mean of 1 m’/h).
The probability of having productive boreholes and high flow
rates seems to be higher in granites and biotite granites. The
most productive structures are characterised by well-developed
weathered and fractured horizons, a lithology with little or no
clay, and a geomorphology suitable for water infiltration and
recharge. The water inlets are located between 30 and 60 m
deep, under an overburden and alterites. The alterites provide
significant groundwater storage, but most of the resource is
contained in the upper part of the fractured horizon, the first
30 m below the base of the alterites; therefore, the fractured
horizon ensures water transmissivity.

This hydro-geophysical approach contributes to a better
understanding of the hydrogeological properties of the Guéra
hard-rock aquifer and demonstrates that ERT combined with
geological and hydrogeological data is an effective means of
understanding the subsoil, and of building a conceptual hydro-
geological model. It constitutes a decision-support tool for the
identification of suitable layers for the construction of water
points in order to improve access rates to drinking water for the
population, applicable on a national and international scale. It
is therefore desirable that during future well installation cam-
paigns in hard-rock aquifers, the actors concerned appropriate
the current methodology to avoid hazardous installations and
their economic and social consequences.
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