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Abstract

A combined remote sensing (via Landsat 8 images) and geoelectrical investi-
gation was carried out in order to remedy deficit in water resources in the
Messondo area, Nyong and Kelle division (Centre Region of Cameroon). The
remote sensing results (fractures, fracture density and land use maps) allowed
the delineation of areas of densely fractured basement, which are favourable
areas for infiltration and hydraulic capture. These zones are used to guide the
geoelectrical survey. The geoelectrical sounding consisted in IP tomography,
boreholes and DC electrical Schlumberger profiling along 4 SE-NW lines. The
geoelectrical 2D data inverse modelling depicted the vertical and lateral vari-
ations of resistivity and chargeability. The joint analysis of these two parame-
ters, combined with the geological observations from the area, permitted to
discriminate the potential aquifers from the prospective mineralised targets.
The 3D models obtained from the combination, then interpolation of the 2D
models, permitted to visualise and quantify the identified aquifers in Mes-
sondo. Two types of aquifers arise from these 3D models: 1) shallow subsur-
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face aquifers located in the unconsolidated laterites; they spread over the en-
tire surface and they are found down to 39 m depth, thus defining the thick-
ness of the altered layer; 2) The second type of aquifers, exclusively located to
the east of the area, in the fractured gneisses.

Keywords

Remote Sensing, Resistivity, Chargeability, Modelling, Aquifer,
Mineralized Zones

1. Introduction

Groundwater surveys often investigate the properties of aquifers. Geophysics is
the most sought-after of these instruments since it aids in emphasizing them by
analyzing physical data recorded over geological formations. However, selection
and use of a geophysical method, as well as the confirmation of the ranges of the
measured characteristics for an appropriate interpretation, depend on prior
knowledge of certain geological information. In order to do this, a geoelectrical
study over a ferralitic gneissic basement in the Messondo area was carried out in
conjunction with satellite remote sensing.

This work consists in quantifying the resistivity and chargeability in high frac-
ture density regions initially identified from Landsat-8 images. Electrical resistiv-
ity (ER), induced polarization (IP), and remote sensing are among the research
techniques employed. The use of IP in tandem with ER for groundwater investi-
gations is proven [1] though the majority of IP operations are applied to mineral
exploration [2]-[4]. This is because the contrasts emphasized by one method may
not be highlighted by the other. While the non-polarizability of water will result
in low IP values, IP effects can generally be extremely high near the surface of
conductive metallic mineral grains in mineral prospecting [5]. This research pre-
sents the results the combined application of remote sensing, ER, and IP tech-
niques to investigate aquifers in the Messondo area. Res2Dinv and Oasis Montaj
software were used to invert and interpolate the data, producing 2D and 3D mod-
els that allowed for a highly comprehensive understanding of the structures under
investigation [6]-[8]. In addition, several authors have used remote sensing to de-
lineate lineaments in southern Cameroon either for various purposes, including

mineral target mapping [9]-[11].

2. Geographical and Geological Setting

The study area is bounded by the WGS84 UTM32N coordinates: North 402,250
and 403,350 m latitudes, and East 653,600 and 655,120 m longitudes (Figure 1).
It corresponds to the Messondo subdivision, in the Nyong-Ekelle Division (Cen-
tre Region, Cameroon). The study area belongs to the transition zone at the north-

western margin of the Congo Craton. Geologically, it lies within the Paleoprote-
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rozoic Nyong Complex (NyC), the Oubanguides Chain (OC) and the Sedimentary
Cover (SC) [12]-[17]. The NyC orthogneisses, charnockites, mylonites, amphibolites,
metasyenites, and metagranodiorites; the OC consists of quartzites, micaschists,
chlorite-schists, and paragneisses; and the (SC) includes conglomerates, coarse
sandstones, siltstones, limestones, clays, iron sands and marls [12]-[15]. NE-SW
shear zones from a polyphase deformation have had a tectonic impact on the NyC
[12]-[17].

The Messondo’s local lithology shows the dominance of [1]:

1) Leucocratic (quartz and feldspar rich) gneisses form the primary substratum
of the region; they contain iron rich-minerals oxidized into hematite responsible
of their rusty color (Figure 2(a), Figure 2(c) and Figure 2(d)).

2) Greenish to light-green amphibolites are found on the slopes (Figure 2(e)).
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Figure 1. Geological map of study area.
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Figure 2. (a) and (b): gneiss outcrops; (c)-(f): rock samples collected in the field.
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They are mostly made up of ferromagnesian minerals and have a rusty brown
color. On the lower slopes, these rocks weather into isalterites (Figure 2(f)) com-
posed primarily of iron oxides, gibbsite, and kaolinite.

Significant fractures and foliation can be seen in the nearby gneisses (Figure
2(a) and Figure 2(b)), all of which are orientated NNE-SSW, SW-NE E-W, and
N-S0. Figure 3 depicts structural features like symmetrical flanks, some shear
movements between two veins (driven by opposing forces), fractures, and folia-
tion. Hydrographically, the Edéa-Eséka region straddles the catchment of the
Sanaga, Nyong, and Dibamba rivers. This dendritic hydrographic network is flows
and it is N-S, NE-SW, and NNE-SSW [1].

Figure 3. Identified structures. (1) Folds; (2) Shear; (3) Foliation; (4) Fracture.

3. Materials and Methods
3.1. Basic Principle

The direct current (DC) electrical approach is typically used for aquifer explora-
tion. On the resistivity maps, these aquifers show up as low resistivities and low
chargeability anomalies [1]. The 3D models of the aquifers in the Messondo area
are highlighted and characterized using these two techniques in conjunction with

remote sensing.

3.2. Remote Sensing

Remote sensing involves the set of methods used to record electromagnetic radi-
ation emitted or reflected by geolocatable bodies, in the form of images. In this work,
we employ lineament mapping using Landsat 8-OLI scene (Path/Row 185/057) ac-
quired on January 12, 2022. [18] defines lineaments as geomorphological struc-
tures inherited from previous topographies, or alignments of adjacent geological
objects. The linear structures were improved on Landsat images, using SOBEL
directional filters in Envi software, then manually extracted in ArcGIS software

based on visual analysis as done by [19]. For reproducibility, the Landsat 8 OLI
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scene was converted to TOA reflectance. Bands 5 (NIR), 6 and 7 (SWIR) were
selected for their sensitivity to moisture, iron oxides and clays [19] and combined
into a false-color composite (R =7, G = 6, B = 5). SOBEL directional filters (0°,4
5%,90°, 135%) were applied in ENVI, followed by manual digitization in ArcGIS at
1:10,000 scale. Only lineaments greater than 50 m with alignment beyond 3 pixels
were retained. The 50 m threshold balances regional fracture detection and rejec-
tion of anthropogenic features (roads, fields), consistent with regional studies
[18] [19]. Shorter features, roads and rivers (verified on Google Earth) were re-

jected.

3.3. Equations

The electrical characteristics of the soil are distributed both horizontally and ver-
tically using electrical tomography. By sending an electric current through two
electrodes in the soil and measuring the potentials that occur using a second pair
of electrodes known as potential electrodes, it determines the resistivity of the
ground [20]. The underlying material’s apparent resistivity (pa) depends on the
electrode geometry (K), recorded potential difference ( V), and current intensity
(Ias) [21]-[23]. It is provided by the relationship:

K xV,
p, = (1)
I e
-1
Wit Kooe[ L L1 1 .
AM AN BM BN

The grain matrix and water content regulate the aquifer’s resistivity [24]. Frac-
turing, saturation level, weathering, and porosity are among of the variables that
affect the rock’s resistivity [25]. Resistivity often decreases as water quality and

grain size increase.

3.4. Induced Polarization (IP)

By determining the earth material’s chargeability, the induced polarization ap-
proach outperforms electrical methods [26]. According to [1] [27]-[29] and ref-
erences therein, the chargeability (4) depends on a primary voltage ( Vi) and
the secondary voltage (Vs) measured respectively immediately before and after
the current stoppage at a date ¢

After the current interruption, the secondary voltage can be measured once, but
for a much more accurate measurement, it is preferable to integrate it over time
[29]. Then, the chargeability is:

1 2

M ZW " VS (t)dt. (3)

Comparing chargeability results between instruments is typically made possible
by applying time-normalization [22] [29].
1

! :\mfu Vs (t)dt . "
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3.5. Material and Data Acquisition

The ERT/IP data were acquired with the Syscal Junior 48 resistivity meter along
four SE-NW Schlumberger profiles of individual length 1.6 km, supposedly per-
pendicular to the structures of the targeted formations, in order to prevent differ-
ences caused by anisotropies in the geological formations [26]. Data were collected

ina 100 m x 100 m grid (Figure 4) with 48 electrodes spaced at approximately 33 m.
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Figure 4. Geoelectric profiles on a background showing the relief of the area.

The geometric factor (n) was increased from 1 to 8, providing 8 levels of inves-
tigation. Acquisition time was approximately 45 minutes per profile. The mean
effective investigation depth was 140 m, limited by the resistive gneissic basement.
The geoelectrical data are associated to depths relative to the distance between the
current electrodes, can be interpreted qualitatively and quantitatively in terms of
a hydrological model. A qualitative interpretation of the formations investigated
was done from 2D pseudo-sections obtained by data inversion in Res2DInv soft-
ware while adjusting the topography of the area. In practice, both Rho and IP in-
versions were performed with Res2Dinv v4.0 using a robust (L1-norm) scheme.
After four iterations, the final absolute error was 1.5 for all profiles; noisy data
were manually removed, and topography was included. 3D models were devel-
oped in Oasis Montaj software, to facilitate the visualization and quantification of
the highlighted aquifers.

4. Results
4.1. Remote Sensing

Structural analysis from remote sensing revealed more than 100 lineaments with

lengths between 0.05 and 1 km (Figure 5(a)). The rosette in Figure 6(a) divides
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Figure 5. (a) Lineament map; (b) lineament density map.

these lineaments into 17 groups of 10° based on their directions (NE-SW, ENE-
WSW, SE-NW, and NNE-SSW). The longest lineaments (more than 0.5 km) travel
diagonally in a NE-SW direction across the research region. The NyC Palaeopro-
tozoic shear zones align with this major direction.

Figure 5(b) shows the lineaments density map. The studied region is heavily
worn and has a cluster of fractures in the middle. From a hydrogeological per-
spective, the shrub-covered basement areas (NDVI < 0.3; Figure 6(b)) are domi-
nated by large fracture densities (more than 12 Km/Km?) (Figure 7). The shape
of the aquifers in the research area is better understood thanks to them. The
changed surface zones caused by the growth of massive tree roots (NDVI > 0.3)
are reflected in the low densities. They favor surface water infiltration. Thus, the
analysis of land use using the normalized vegetation index (NDVT) gives an un-

derstanding of the type of vegetation present. The bedrock undelaying that
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Figure 7. Overlay of linear density and land use map.
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vegetation influences it. In response, it causes the fracturing that is necessary for
aquifer development on this substratum. Thus, the NDVI examination offers im-

portant details about the existing fractures.

4.2. 2D Geoelectrical Pseudosections

In this work, conductive anomalies associated with aquifers and those associated
with iron ores were distinguished using the joint inversion of resistivity and induced
polarization data. A bedrock composed of materials with resistivity values between
20 and 8000 Ohm.m and chargeability values between 0.5 and 40 mV/V, is depicted

in the results presented as pseudosections (Figure 8 and Figure 9).
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Figure 8. Pseudo-sections of resistivity (Top) and chargeability (bottom) of profiles 1 and 2.
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Figure 9. Pseudo-sections of resistivity (Top) and chargeability (bottom) of profiles 3 and 4.

These sections display a zone with conductive sandy clays (700 - 1700 Qm) and
resistive duricrust (3000 Qm) covering its surface. These materials exhibit high
chargeability values (M > 16 mV/V), suggesting prospective mineralized targets
that warrant further investigation [1]. This layer appears to be the outcome of a
protracted process of mineral alteration and sedimentation of the intrusive mate-
rial east of profiles 1 and 2. The chargeability values of this conductive incursion
(Rho < 2500 0m) are extremely high (M > 22 mV/V). West of our profiles, dif-
ferent conductive alterites of varying thickness and limited chargeability (Rho <

2500 Om and M < 12 mV/V) are seen ten meters below the surface layer. Surface
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water may accumulate in these porous alterites.

The resistant gneissic basement (3600 - 7000 Qm) is located in the centre, 39 m
below the overburden. When one moves from profile 1 to profile 3, this bedrock
appears to undergo a reworking towards the east, resulting in highly conductive
granular materials whose low chargeability (Rho < 800 Qm, M < 7.9 mV/V) indi-
cates the presence of water. These materials continue on profile 4, which appears
to be in a collapse zone where the base is obscured. Thus, a large aquifer that
reaches a depth of more than 120 meters below the surface appears to be present

in the eastern portion of the region covered by profiles 3 and 4.

4.3. 3D Modelling of Geoelectrical Data

A total of 11,407 sample blocks measuring 71 m x 47 m x 8 m were built, using
the standard kriging technique in the Geosoft Oasis Montaj program. The overall
volume of the area covered by the four electrical profiles is represented by their
volume of 0.09 km’. Materials having resistivity values between 1216 and 1900
Qm predominate on the conductive surface of the block model (Figure 10(a)).
Underneath a resistive basement (Rho > 3000 Qm) that is poorly permeable and
susceptible to weathering, they make up the 39 m thick permeable weathered sur-
face layer.

The chargeability contrasts remain unchanged when the conductive anomalies
(Figure 10(b)) seen in the preceding figure are isolated. The conductive anomalies
can be divided into two categories by observing these contrasts: (a) one potentially
mineralized unit with high IP values (M > 15 mV/V) and (b) a prospective aquifer
unit with low IP values (M < 12 mV/V) (Figure 10(c)). The prospective aquifer
unit, isolated in Figure 10(d), corresponds to a volume of 0.068 km’ of geophysi-
cal cells interpreted as potential aquifer zones. This represents 75.5% of the total
volume investigated. This volume refers to the interpreted subsurface volume
where geoelectrical properties are consistent with water saturation, not to stored
groundwater reserves whose estimate would additionally require porosity and
specific yield, not available in this study. Given that the data were taken in a heav-
ily fractured area that is known to have considerable water infiltration, this aligns
with local environment.

In view of the thickness of the weathered layer, highlighted aquifers can be sep-
arated into surface aquifers (formed by the porous clay weathering) and deep frac-
tured basement aquifers. The surface aquifers occupy a volume of 0.025 km?, ie.
36.76% of the aquifers mapped in the area. They are span all-over the study area
and give to it a marshy appearance. More than 64% of the water tables are there-
fore located at depth, precisely to the east of the zone in between profiles 3 and 4,
where a collapse-structure is observable.

5. Discussion

A significantly shear zone with mostly NE-SW directed fractures was found by
analysing remote sensing lineaments (Figure 6). An excellent insight of the tectonics
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Figure 10. Block models of resistivity and chargeability: (a) total distribution of anomalies, (b) conductive anomalies, (c) chargea-
bility anomalies, (d) aquifers, (e) and (f) aquifer distribution.

in this area is provided by the correlation between this analysis and the field geo-
logical data. In fact, a network of NE-SW fractures crosses a mostly foliated gneissic
bedrock, according to the geological reconnaissance conducted in Messondo (Fig-
ure 2(a) and Figure 2(b)). These fractures appear to regulate the water flow in the
region and align with the main axes of the Yaoundé accidents and the Nyong
Complex’s shear corridor [12]-[17]. According to the data interpretation, the re-
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gion’s iron-rich gneisses and amphibolites [1], as well as the abundance of hema-
tites and isalterites (Figure 2(d) and Figure 2(f)), respectively, arising from the
alteration of these rocks, may indicate a protracted alteration process as observed
by [12]-[17].

A qualitative analysis of the resistivity pseudo sections (Figure 8 and Figure 9)
revealed a 39 m thick alteration layer with low resistivities (Rho < 3000 Qm).
These extremely conductive anomalies expand deeper in this layer as it moves
from west to east, indicating a deep reworking of the resistive basement (Rho >
5000 Om). We are able to characterize these conductive abnormalities by analys-
ing the chargeability pseudo sections. Although this is not always the case, one
would anticipate high chargeability values near the surface of the conductive anom-
alies [4] [6] [7] given the area’s significant mineralization (rich in iron oxides),
which makes them ideal for mineral exploration. Because water is non-chargeable
but can exhibit low chargeability values depending on the surrounding material,
the chargeability contrasts enable the separation of conductive anomalies into
strong chargeability (M > 15 mV/V) anomalies interpreted as prospective miner-
alized zones and low chargeability (M < 12 mV/V) anomalies associated with po-
tential aquifer zones. These thresholds are derived from our previous study in the
same area [1], where surface measurements on lateritic outcrops and weathered
gneisses showed chargeability values below 12 mV/V for water-saturated zones
and above 15 mV/V for iron-oxide-rich mineralization. Values between 12 and 15
mV/V are interpreted as transitional zones (mixed clay and iron oxides) or areas
with partial water saturation, and are not classified as either pure aquifers or min-
eralized targets. We acknowledge that, chargeability anomalies alone cannot con-
firm the presence of gold or iron oxides. Independent geochemical, petrographic,
or drilling data would be required to validate these prospective targets. Basement
aquifers will have low values (M < 8 mV/V) (profile 3: Figure 8), while clay aqui-
fers have high values (10 < M < 13 mV/V) (profile 1, 2, and 4: Figure 8 and Figure
9).

Depending on the thickness of the modified layer, the quantitative analysis of
these possible aquifer zones using the 3D visualization models reveals superficial
and deep aquifers, respectively. Only 36.76% of the likely aquifers found in the
area are superficial aquifers, which are dispersed throughout the entire analyzed
area’s surface. The weathered layer is beneath the deep aquifers. They account for

almost 63% of the aquifers in this region and are mostly found east of Messondo.

6. Conclusions

This study demonstrates that combining Landsat 8 lineament mapping with ERT
and IP data effectively identifies aquifer zones and prospective mineralized targets
in the fractured crystalline basement of Messondo. Two types of aquifers were
distinguished: shallow lateritic aquifers (surface layer down to 39 m) and deeper
fractured gneiss aquifers (eastern sector, below 39 m). The 3D model provides a

first-order spatial framework for groundwater exploration in the Nyong Complex.
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From a practical perspective, the eastern part of the study area, where the thick-
est conductive anomalies occur, should be prioritized for future drilling cam-
paigns. For mineral exploration, the high-chargeability anomalies (M > 15 mV/V)
represent prospective targets requiring geochemical validation. The methodolog-
ical approach developed here is transferable to other crystalline basement regions

in Central Africa facing similar water supply challenges.
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