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Abstract

Groundwater development in crystalline and metamorphic basement terrains
is hampered by the difficulty of locating productive fractures from optical lin-
eament mapping alone, even when it is combined with surface geophysics.
This study assesses the influence of geological structures on the geometry and
functioning of the aquifers of the Tenkodogo square degree (Burkina Faso)
through a multi-scale, multi-sensor approach combining aeromagnetic data,
radar imagery and multispectral optical imagery. Magnetic lineaments were
extracted manually from derived products and the analytic signal, whereas op-
tical and radar lineaments were extracted automatically (PCI Geomatica) after
enhancement (PCA, Laplacian, directional and Lee filters). In total, 502 aero-
magnetic, 4476 optical and 39,764 radar lineaments were corrected for anthro-
pogenic and topographic biases, then validated against existing geological data
and checked locally through structural measurements at 17 field stations. The
three networks were then merged, and the lineament intersection node den-
sity, an indicator of fracture network connectivity, was computed by quartic
kernel estimation with a search radius of 5 km and a cell size of 100 m. Frac-
turing displays a scale-dependent hierarchical organization: aeromagnetic lin-
eaments (median lengths of 7 to 16 km, locally exceeding 100 km) delineate
regional structural corridors, whereas the shorter and denser optical and radar
networks, the latter consisting of surface linear features potentially associated
with shallow fracturing, provide local connectivity. The 192,030 retained
nodes yield densities of 1.2 to 31.6 nodes/km? Of the 1307 existing boreholes
in the study area with a known yield, only 80 (6.1%) exceed 15 m’/h at the
end of drilling. The proportion of boreholes yielding 3 m*/h or less decreases
from 64.1% where node density is below 15 nodes/km? to 45.1% where it ex-
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ceeds 20 nodes/km?, but the rank correlation between node density and yield
remains weak (Spearman’s p = 0.13). Two boreholes sited at Tenkodogo (23.5
nodes/km?) and Garango (23.7 nodes/km?), ie., within the densest 6% of the
study area, yielded 50 and 18 m*/h (airlift), respectively. These results argue for
integrating multi-source structural analysis upstream of drilling campaigns in
basement areas.

Keywords

Tenkodogo, Crystalline Basement, Fissured Aquifer, Lineament,
Multi-Sensor Remote Sensing, High-Yield Borehole

1. Introduction

Sustainable access to drinking water is a major global challenge, particularly in
arid regions where water resources are limited and subject to strong anthropo-
genic and climatic pressures. In West Africa, and especially in the Sahelian zones,
water availability is constrained by the spatio-temporal variability of precipitation,
the irregularity of the rainfall regime and rapid population growth, which in-
creases water demand for domestic, agricultural and industrial uses [1] [2]. In this
vulnerable context, groundwater is often the main resource for drinking water
supply, as well as for irrigation and socio-economic development [3] [4]. Its ex-
ploitation nevertheless remains complex in crystalline and metamorphic base-
ment regions, where aquifers are discontinuous, heterogeneous and strongly de-
pendent on the weathered layer and the underlying fracture network [5] [6].
This is the case in Burkina Faso, and particularly in the Tenkodogo square de-
gree where, despite the implementation of numerous water supply programs such
as the Integrated Village Water Supply and Health Education Project (PIHVES,
1993-2004), the Village Water Supply Project-Phase II (1995-2000) of the Japan
International Cooperation Agency (JICA), the National Drinking Water Supply
Program (PN-AEP 2030, 2016-2030) and the investment programs of the National
Office for Water and Sanitation (Office National de I Eau et de I Assainissement,
ONEA, in French), the development of groundwater resources remains limited.
In this area, the identification of productive fractures remains a major challenge
for hydrogeologists [7]-[9]. Lineament mapping at the optical scale alone, even
when combined with ground geophysics, shows its limitations for siting high-
yield boreholes [7] [10] [11]. This limitation stems from intrinsic methodological
constraints: 1) optical sensors capture only surface morphological expressions,
vegetation alignments or topographic variations of the regolith, and provide no
information on the vertical continuity or actual aperture of structures at depth
[12]; 2) thick saprolites and lateritic duricrusts create a “spectral mask” that con-
ceals the underlying fracture network [13]-[15]; 3) two-dimensional surface elec-
trical prospecting suffers from a small lateral radius of investigation, which fre-

quently leads to siting biases [16]-[18].
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To overcome these constraints, this study tests the hypothesis that a multi-scale,

multi-sensor approach combining aeromagnetic geophysics, radar remote sensing

and multispectral optical imagery can identify zones of high hydrogeological po-

tential in basement settings. The main objective of this study is to assess the influ-

ence of geological structures on the geometry and functioning of the aquifers of

the Tenkodogo square degree. Three specific objectives are pursued: 1) to extract

and validate lineament networks at the three selected observation scales (aero-

magnetic, optical and radar); 2) to characterize their directional and dimensional

organization, and then to locate and count the lineament intersection nodes that

reflect network connectivity; 3) to compare the intersection node density map

with borehole yields in order to assess its predictive value for borehole siting.

2. Study Area

2.1. Geographical Setting

The study covers the Tenkodogo square degree, located in the Centre-Est region
of Burkina Faso, between latitudes 11° and 12° N and longitudes 0° and 1°W (Fig-
ure 1). It covers approximately 12,000 km?. The relief of the area is generally mod-

erate and gently undulating, typical of the Paleoproterozoic basement [19], and is

organized into two main morphostructural units: a monotonous, gently rolling

peneplain in its central part, at elevations between 175 and 300 m, and residual

reliefs made up of inselbergs and isolated hills reaching about 500 m in elevation

southeast of Zabré, on the border with Ghana [19]. Three vegetation types domi-

nate: shrub and tree savanna, riparian and lowland formations, and anthropized

vegetation [20].
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Figure 1. Simplified geological and location map of the Tenkodogo square degree [21] [22].
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2.2. Geology and Hydrogeology
2.2.1. Geological and Structural Setting

The regional geology of the area consists of a series of metavolcanic (metabasalts,
rhyolites) and metasedimentary (schists, sandstones, leptynites) greenstone belts
assigned to the Birimian [23] [24] (Figure 1). These formations are intruded by
large granitoid batholithic complexes, ranging from syntectonic TTG (tonalite-
trondhjemite-granodiorite) suites to late potassic biotite- and amphibole-bearing
granites [19] [25]. Structurally, the polyphase tectonic history is dominated by an
early major ductile phase (D1/D2), expressed by schist belts and broad synmet-
amorphic ductile shear zones with a preferential NE-SW to NNE-SSW orientation
[24] [26]. The geodynamic evolution ends with late phases (D3/D4) under brittle
to semi-brittle conditions, which generated a network of strike-slip faults and as-
sociated fractures trending NW-SE to N-S [23] [27].

2.2.2. Hydrogeological Setting
Hydrogeologically, the area displays the general configuration of crystalline and
metamorphic basement aquifers. The vertical organization and hydrodynamic be-
havior of these aquifers follow the conceptual model of [5] (Figure 2), whose ap-
plication to groundwater prospecting has been further developed by geophysical
and structural studies [8] [9] [28]. This composite aquifer system comprises two
hydraulically connected horizons:
- The regolith (weathered-layer) reservoir

Developed near the surface and composed of clays, sometimes capped by a du-
ricrust, and of coarse-grained grus (saprolite), this horizon provides the storage
and retention function for groundwater [5] [29]. Its thickness generally ranges
from 15 to 45 m, in line with observations made on the crystalline basement of
Burkina Faso [8] [9]. The shallow water table hosted in this weathered layer lies
at depths of 5 to 18 m and is strongly influenced by the morphology of the bedrock
surface and by seasonal fluctuations in recharge [9] [30].
- The fissured and fractured basement reservoir

Its upper part consists of the weathering-induced fissured horizon, a few meters
to a few tens of meters thick, underlain by a network of subvertical tectonic frac-
tures [5] [28]. This reservoir provides the drainage and hydraulic conduction
function [9] [31]. The total depth of boreholes tapping this aquifer generally
ranges from 50 to 90 m, with water inflows most often intersected between 35 and
70 m depth, within the network of weathering fissures and at tectonic fracture
nodes [8] [31]; deeper water inflows may nevertheless be encountered locally
where the hydraulic connectivity of the fracture network is established only at
greater depth (see Section 5.3, borehole SE9 at Garango). This two-layer scheme
is consistent with the weathering profile concept [6], according to which the fis-
sured horizon generated by weathering, rather than tectonic fractures alone, pro-
vides much of the transmissive function of basement aquifers; deeper subvertical

fractures may then provide additional, more localized hydraulic connections.
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The spatial distribution of groundwater resources remains highly heterogene-
ous. Boreholes generally show modest to moderate yields (0.5 to 7 m*/h), whereas
those sited on major, highly water-bearing tectonic structures achieve high yields
ranging from 15 to more than 30 m*/h [8] [9] [32]. In this paper, boreholes yield-

ing more than 15 m* h are considered high-yield boreholes.

Flooded ferricrete water table Perched ferricrete Intrusive greenstone Flooded ferricrete spring

Fracture with confined aquifer | - Fracture receiving
receiving lateral recharge o Smﬁ_'y recharged Contact zone Well-recharged mixed recharge
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Figure 2. Mode of groundwater occurrence in the crystalline basement of Burkina Faso [5].

3. Materials

The study relies on the combination of three types of multi-source data: 1) an
aeromagnetic survey of the total magnetic intensity (TMI) at a scale of 1:200,000,
acquired with a flight-line spacing of 500 m and a nominal flight height of 100 m
[33]; 2) a Landsat 8 OLI/TIRS scene (Path 194/Row 052), acquired in November
2016, with a spatial resolution of 30 m [34]; 3) a mosaic of eight ALOS PALSAR
scenes (L-band, wavelength A = 23.6 cm), acquired between June 2008 and August
2009 in Fine Beam Dual polarization mode (HH and HV) and resampled to a
spatial resolution of 12.5 m [35].

All geophysical and remote sensing layers were projected into the WGS
84/UTM zone 30N coordinate system. The characteristics and acquisition modes
of these data are summarized in Table 1.

Table 1. Acquisition characteristics of the geophysical and remote sensing data [33]-[35].

Platform/sensor Spatial resolution Band/signal Depth level
Airborne magnetometer 100 m grid Total magnetic intensity Deep basement structures, major shear zones
Landsat 8 OLI 30 m Optical/NIR/SWIR Surface morphostructures, weathering

Surface linear features, possibly related

ALOS PALSAR 125 m L-band radar (HH/HV) .
to shallow fracturing
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ENVI, Global Mapper, Geomatica and ArcGIS were used for image processing,
Oasis Montaj for aeromagnetic data processing, RockWorks for directional anal-
ysis (rose diagrams) and the R environment for spatial and statistical analysis, with
ArcGIS also used for computing intersection nodes, and Python (Shapely and
SciPy libraries) for checking duplicate removal and computing densities.

4. Methodology

The approach adopted relies on a multi-criteria, multi-source analysis, summa-
rized by the processing workflow shown in Figure 3. This strategy builds on the
integration of heterogeneous data and on a sequence of preprocessing steps, in-
cluding geometric and radiometric corrections and filtering, followed by mixed
(manual and automatic) lineament extraction phases. These lineaments are vali-
dated against existing geological data and field checks. The aim is to draw on the
convergence of geological, magnetic and satellite evidence in order to characterize

fracturing across the study area in an objective and reproducible manner.

Airborne Magnetic Optical LELETY

Image Images

Radiometric and Speckle Reduction
Atmospheric Corrections Mosaicking

Corrected Corrected
Optical Image Radar Image

Data

Noise Removal
Gridding

Total Magnetic
Field Image

Filtering:
Analytic Signal, RTP,
Vertical Gradient,
Shading, Inversions

Filtering: Equalization,
PCA, Laplacian,
Directional Sobel

Automatic
Extraction

Satellite
Lineaments

Manual
Extraction

Faults,
Shear Zones

Manual
Extraction

Magnetic
Lineaments

Validation
Merge

Fracture Map

Kernel Density

Fracture Density

Map

Figure 3. Methodological workflow for the extraction and characterization of fracturing.

4.1. Preprocessing

4.1.1. Landsat 8 OLI Optical Imagery

The Landsat 8 OLI images first underwent radiometric and atmospheric correc-
tions in ENVI 5.3. The RGB 7-2-4 color composite was selected after comparing

several band combinations. It combines a shortwave infrared (SWIR) band, sen-
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sitive to clay minerals and to hydroxyl groups produced by weathering, with two
weakly correlated visible bands, and maximizes the spectral variance rendered,
thereby optimizing the discrimination of lithologies and lateritic duricrusts in
basement settings [14] [36] (Figure 4(a)). Principal component analysis (PCA),
applied to decorrelate redundant spectral information, captures more than 95%

of the total variance in the first two components (PC1 and PC2); PC1, which car-

ries most of the morphostructural signal, was selected as the basis for extraction
(Figure 4(b)) [37].
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Figure 4. Processing sequence applied to the optical satellite image: (a) RGB 7-2-4 color composite; (b)
first principal component (PC1); (c) Laplacian filtering; (d) NW-SE directional filter; (e) NE-SW direc-
tional filter; (f) Sobel filter oriented at 30° (NE).

DOI: 10.4236/ijg.2026.1710037 803 International Journal of Geosciences


https://doi.org/10.4236/ijg.2026.1710037

M. Sawadogo et al.

To enhance the morphostructural signature of lineaments, several spatial en-
hancement operators were applied, following procedures that have proven effec-
tive in basement settings [36] [37]: the Laplacian filter (Figure 4(c)), which ac-
centuates zones of high luminance gradient (scarps and breaks in slope), supple-
mented by directional filters (3 x 3 and 7 x 7 windows) applied along the prefer-
ential NW-SE (Figure 4(d)), NE-SW (Figure 4(e)) and N30° (Figure 4(f)) direc-
tions. The use of several filtering directions is intended to compensate for illumi-
nation bias, which systematically under-represents structures parallel to the direc-

tion of solar illumination [36].

4.1.2. Radar Imagery (ALOS PALSAR)

The PALSAR scenes were mosaicked in ENVTI using an edge-feathering algorithm
designed to attenuate radiometric discontinuities between scenes. Speckle, the
multiplicative noise inherent in synthetic aperture radar imagery, was reduced us-
ing the adaptive Lee filter (5 x 5 window), which smooths areas of uniform
backscatter while preserving linear boundaries [38]. Analysis of the polarization
modes highlights the complementary contribution of each polarization. HH co-
polarization (Figure 5(a)) brings out the major morphostructural units, whereas
HV cross-polarization (Figure 5(b)), owing to its high sensitivity to microtopo-
graphic roughness in sparsely vegetated areas, was preferred for mapping surface
linear features. At L-band, ground penetration does not exceed a few decimeters,
even in dry sandy soils, so that these features reflect surface roughness, moisture

and vegetation patterns rather than directly imaged fractures [36].

Figure 5. Radar images: (a) HH polarization; (b) HV cross-polarization.

4.1.3. Aeromagnetic Data

The airborne magnetic data were processed in Oasis Montaj (Geosoft). The pre-
liminary steps consisted of removing the International Geomagnetic Reference
Field (IGRF) and statistically leveling the flight lines to eliminate flight noise. The
corrected total magnetic intensity (TMI) grid was then reduced to the pole (RTP),
with low-latitude stabilization, in order to recenter magnetic anomalies over their

sources and thus remove the dipolar effect associated with the local magnetic in-
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clination [39] [40].

To highlight the signature of shallow to moderately deep geological structures,
the first and second vertical derivatives (1VD and 2VD) were computed. As high-
pass operators, they enhance the high-spatial-frequency components of the field
and sharpen gradients at contacts [40] (Figure 6(b)). Directional shading applied
to the vertical gradient at azimuths NO°, N45°, N90° and N135" markedly en-
hanced magnetic contrasts at lithological contacts and shear zones (Figure 6(a)).
Finally, combining the analytic signal (AS), whose three-dimensional gradient
amplitude is independent of the magnetization direction and of the remanent
component, with the second vertical derivative completed the filtering for the ac-

curate extraction of structural lineaments [41] [42].

0

Figure 6. Geophysical processing applied to the reduced-to-the-pole (RTP) aeromagnetic
grid: (a) shaded vertical gradient of the total magnetic intensity; (b) first vertical derivative
(1VD) map.

4.2. Structural Mapping

A hybrid (manual and automatic) structural extraction approach was adopted to

characterize the fracture network at different scales and depths.

4.2.1. Manual Extraction of Geophysical Lineaments

Manual extraction relies on the visual interpretation and on-screen digitizing of
structural discontinuities on maps derived from the total magnetic intensity. Mag-
netic lineaments were digitized by following alignments of gradient maxima, po-
larity reversals, inflections of magnetic contours and offsets of linear anomalies
[42] [43]. The following rules were applied: 1) digitizing was performed on screen
at display scales between 1:200,000 and 1:50,000, lineaments being traced as
straight or gently curved polylines (3.5 vertices per lineament on average); 2) the
minimum accepted length was 200 m (shortest retained lineament: 205 m; 95% of
lineaments exceed 2.7 km); 3) a lineament had to be visible on at least three of the

four derived products (first and second vertical derivatives, analytic signal and
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shaded vertical gradient); 4) aligned segments less than 300 m apart were merged
into a single lineament. Digitizing was carried out by the first author, and the re-
sulting map was checked successively by the third and then by the second author;
lineaments on which the interpreters disagreed were discarded. This procedure
yielded 502 aeromagnetic lineaments. Interactive digitizing on these combined
maps (Figure 7(a)) made it possible to map accurately the main lineament axes,

offsets and structural intersections of the basement (Figure 7(b) and Figure 7(c)).

Figure 7. Manual extraction of lineaments on the first vertical derivative of the analytic
signal of the total magnetic intensity.

4.2.2. Automatic Extraction of Satellite Lineaments

Automatic extraction was applied to all derived optical products (Landsat 8: PC1,
NW-SE and NE-SW directional filters, N30° Sobel filter) and radar products
(ALOS PALSAR, HV polarization). Processing was performed with the LINE
module of PCI Geomatica (Figure 8), which is based on edge detection followed
by vector chaining of edge pixels [44]. The threshold parameters were calibrated
according to the spatial resolution of each sensor (Table 2).

Table 2. Calibration parameters of the LINE module (PCI Geomatica) for automatic lineament extraction.

Threshold parameter

Landsat 8 OLI (30 m) ALOS PALSAR (12.5 m)

Role and geometric rationale

RADI (filter radius)

GTHR
(edge gradient threshold)

LTHR (minimum curve length)

10 pixels (~300 m)

Adapted to the spatial gradient according

3 pixels 5 pixels
P p to the native resolution.

30 50 Adjusted to the reflectance/backscatter
dynamic range.

. Normalization of the minimum ground
24 pixels (~300 m)

length (=300 m).
FTHR . . Maximum allowable deviation along the
. . 3 pixels 3 pixels
(line-fitting error threshold) segment.
ATHR 15° 15° Angular continuity threshold between
(maximum angular difference) adjacent segments.
DTHR 2 vixel 4 pixel Maximum linking distance between
(linking distance threshold) pixeis pixeis segments.
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Figure 8. Automatic lineament extraction in PCI Geomatica (LINE module).

4.2.3. Validation, Filtering and Synthesis of the Structural Network

Validation was structured in three steps: 1) removal of anthropogenic and topo-
graphic biases by cross-checking against the road and drainage networks [44] [45];
2) comparison with existing geological maps [14] [21] [46]; 3) field validation and
direct structural measurements on rock outcrops [26] [47]. A complementary
field campaign was conducted at 17 outcrop stations (ST1-ST17, Figure 9): six
around Tenkodogo (ST1, ST2, ST4, ST5, ST16, ST17), two around Garango (ST3,
ST6), one at Béguédo (ST8), five west of Niaogho (ST7, ST9-ST12) and three at
Gomboussougou (ST13-ST15). One structure was measured at each station with
a compass-clinometer (joints, sealed fractures, quartz veins, shear bands, a peg-
matite dyke, planar fabrics and a relict foliation). Lineaments crossing the sur-
roundings of these stations were identified beforehand on the maps and then
checked in the field. The aeromagnetic lineaments were compared with the geo-
logical and structural maps of BUMIGEB [21], and those located within 500 m of
the stations were also checked in the field, whereas the Landsat and PALSAR lin-
eaments located within 500 m of the stations were checked in the field only. A
lineament was considered confirmed when fractures or quartz veins consistent
with its trace were observed on outcrop. Of the 99 lineaments checked (21 aero-
magnetic, 34 optical and 44 radar), 77 were confirmed (19 aeromagnetic, 27 opti-
cal and 31 radar), ie., an overall agreement rate of 77.8% (Table 3). Of the 21
aeromagnetic lineaments checked, 19 were confirmed by the BUMIGEB maps,
and the 9 located within 500 m of the stations were also confirmed in the field.

These checks concern a small fraction of the networks (99 of 44,742 lineaments)
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located around the stations, and they therefore constitute a local check rather than
a statistical validation of the whole networks. The measured steeply dipping struc-
tures define four sets (N150° - N004°, N029° - N036°, N080° - N085° and N112°
- N125°), which match the main lineament trends and the N-S shear direction of

the regional structural framework (Section 2.2.1).

Table 3. Field validation of the lineament networks at the 17 field stations (ST1 - ST17).

Source Retained lineaments Field-checked (n) Confirmed (n) Agreement rate (%) Basis of verification
Aeromagnetic 502 21 19 90.5 BUMIGEB maps and field
Landsat 8 OLI 4476 34 27 79.4 Field

ALOS PALSAR 39,764 44 31 70.5 Field
Total 44,742 99 77 77.8 -

4.3. Spatial Mapping and Geostatistical Analysis of the Fracture
Network

The spatial orientation and geometric distribution of the lineaments were pro-
cessed in RockWorks and R. Rose diagrams were generated to identify the prefer-
ential tectonic directions and the associated fracture sets. The three validated net-
works were then merged into a composite structural network, which served as the
basis for computing intersection nodes.

The lineament intersection node density (D,) was selected for structural map-
ping. In basement settings, the productivity of a fissured aquifer depends partly
on the connectivity of discontinuities. Crossing points between fracture sets of
different orientations are widely regarded as concentrating secondary permeabil-
ity and increasing the probability of intercepting an open structure, and hence as
favorable siting targets [13] [14] [46]. The composite structural network was
therefore subjected to a topological intersection computation (ArcGIS 10.8, Inter-
sect tool, point output). Every crossing or contact between two distinct lineaments
was retained as a node, without any filter on the difference in trend between the
intersecting lineaments. Since the tool records each intersection once for each of
the lineaments involved, points with identical coordinates were then reduced to a
single node. No tolerance-based merging was applied between segments from dif-
ferent sources, and 19,504 pairs of nodes less than 12.5 m apart (one PALSAR
pixel) remain, which has no significant effect at the scale of the 5 km smoothing
radius. This procedure yielded N = 192,030 intersection nodes within the study
area (11,739 km?), ie., a mean density of about 16 nodes/km? Field validation
applies to the lineaments (Table 3), and the nodes were not validated individually,
the density of field stations being too low for this purpose. The density D, was
then computed by quartic kernel estimation [48] with a cell size of 100 m and a
search radius r of 5 km. The cell size only sets the resolution of the output raster,
whereas r controls the degree of smoothing: too small a radius produces noisy

maps dominated by isolated nodes, while too large a radius oversmooths the map
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and merges distinct structural corridors. As a consistency check, the integral of
the D, surface over the study area equals N (192,030 nodes). D, expresses the
number of intersection nodes per unit area (nodes/km?) and is written, according
to the quartic kernel formulation, as:

D, (x,y) = Lzzle(i} with K (u) =2 (1=} u <1 M

r r 7

where D,(x, y) is the lineament intersection node density at the point of coordi-
nates (x, y), expressed in nodes/km? d is the distance between the cell center (x,
») and intersection node 7 (km); r is the search radius or smoothing window
(bandwidth, km); n is the number of nodes located within the window of radius
r; and Kis the quartic kernel function [37] [48]. In this formulation, nodes are
unweighted, so that the indicator reflects network connectivity only, regardless of

the length or source of the intersecting lineaments.

5. Results and Discussion
5.1. Directional Frequencies and Spatial Distribution

5.1.1. Magnetic Structures

The aeromagnetic data yield 502 major lineaments, distributed in a bimodal pat-
tern dominated by a major NW-SE trend (N120° - 140°) and a secondary NE-SW
trend (N40° - 60°). These structures are characterized by a large spatial extent,
with lengths frequently exceeding 15 km and sometimes reaching more than 100
km at the regional scale, reflecting deep crustal structuring (Figure 9(a)). They
correspond to Eburnean shear zones and dyke swarms [15] [19]. Because mag-
netic lineaments reflect magnetization contrasts (shear zones, lithological con-
tacts, dykes) rather than hydraulic properties, their hydrogeological role is varia-
ble: shear zones may act as regional drains and preferential recharge corridors if
they remain open at depth, whereas dykes, mineralized zones or structures sealed
by secondary infilling may behave as barriers. In line with the basement aquifer
model of [5], this hypothesis remains to be tested by pumping tests carried out on

boreholes sited directly on these structures.

5.1.2. Landsat 8 Satellite Structures

Landsat 8 optical imagery yields 4476 lineaments. Unlike the aeromagnetic net-
work, their directional distribution shows a more even, multidirectional spread,
with predominant regional modes trending E-W to NW-SE and NE-SW (Figure
9(b)). These lineaments have typical (median) lengths of 3.6 to 5.1 km, reflecting
the geomorphological imprint of brittle tectonics and of drainage network inci-
sion [14] [36].

5.1.3. ALOS PALSAR Radar Structures
ALOS PALSAR radar imagery yields 39,764 lineaments, forming a very dense net-
work of short surface linear features (Figure 9(c)) with no marked preferential

orientation (each 10° class contains 5% to 6% of the lineaments). Some of them
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may be associated with shallow fissuring, through the control exerted by joints
and fissures on microrelief, soil moisture and vegetation alignment, but their con-
tinuity at depth cannot be established from imagery alone. Where they do reflect
fracturing, such a dense network could enhance connectivity between the surface
and the weathered-fissured zone, and hence meteoric recharge.

In that case, this network would be linked to the upper part of the weathered-
fissured zone, where fissure porosity and a direct connection with rainwater infil-
tration are expected. Since L-band radar lineaments may also reflect alignments
related to drainage, vegetation or land use, only those retained after the validation

step (Section 4.2.3) were taken into account.
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Figure 9. Directional frequencies and spatial distribution of lineaments (a: aeromagnetic, b: optical,
c: radar) and location of the field stations ST1-ST17.

5.2. Dimensions and Structural Organization

Statistical analysis of the length distribution by directional class reveals a hierar-
chical, multi-scale organization of fracturing. Aeromagnetic lineaments (Figure
10(a)) show the highest median values (7 to 16 km) together with very high dis-
persion; the greatest lengths are observed in the (40°, 60°] class (NE-SW), where
major structures reach 86 to 120 km, whereas the maxima of the other classes
remain below about 60 km. Conversely, the length distribution of optical linea-
ments (Figure 10(b)) is remarkably uniform from one directional class to another,
with consistent medians of 3.6 to 5.1 km and maxima between 28 and 58 km,
indicating continuous second-order lineaments. Radar lineaments (Figure 10(c)),
for their part, have the smallest dimensions, with medians below 1 km, and their
length shows no significant dependence on orientation class. This progressive de-
crease in median length from one observation scale to the next suggests a quasi-
hierarchical, scale-dependent organization of the fracture network, comparable to

that described in the Birimian basement of Cote d’Ivoire and Burkina Faso [14]
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[15]; no formal test of scale invariance (e.g., fitting of length-frequency power
laws) was performed in this study. Above all, it implies that the three networks
sample different ranges of scale and are therefore complementary, which justifies

merging them before any counting of intersection nodes.
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Figure 10. Distribution of lineament lengths by orientation (a: aeromagnetic, b: optical, c: radar).

Aeromagnetic lineaments form the regional structural framework of the crys-
talline basement. Their spatial continuity confirms the existence of large crustal
deformation corridors likely to drain groundwater and to connect the various sub-
basins [5] [46]. In the basement aquifer model [5], such structures are interpreted
as the preferred pathways for long-distance lateral transfer; although plausible at
the scale of the Tenkodogo square degree, this function remains to be demon-
strated by dedicated piezometric and hydrochemical monitoring. Conversely, the
optical and radar networks, which are highly fragmented and have shorter indi-
vidual lengths, form a dense network of surface features which, where they reflect
shallow fracturing, may promote the infiltration of meteoric water towards the
underlying fissured zone and deeper reservoirs [46]. The complementarity ob-
served between these three observation scales corroborates the conclusions of [15]
[37], according to which no single sensor captures the full dimensional spectrum

of fracturing in a crystalline basement.

5.3. Characterization of Lineament Intersection Node Density and
Hydrogeological Implications

Analysis of the lineament intersection node density (D,) reveals marked structural
heterogeneity within the basement of the Tenkodogo square degree, with values
ranging from 1.2 to 31.6 nodes/km* (mean 15.9 nodes/km?). This spatial distribu-
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tion divides the aquifer medium into intensely tectonized, highly connected cor-
ridors (D, > 20 nodes/km?, 19.7% of the study area), stable, weakly fractured and
poorly connected blocks (D, < 10 nodes/km?, 11.3%), and an intermediate class
(Dn =10 to 20 nodes/km?, 69.0%) corresponding to moderately fractured zones.

Among the boreholes in the ONEA databases [49] located within the study area,
1307 have coordinates and an end-of-drilling yield measured by airlift, including
161 dry boreholes. Overlaying them on the intersection node density map (Figure
11), with extraction of the D, value at each borehole, shows that they cluster
around Tenkodogo and the other main localities: 36.6% of them are located where
D, > 20 nodes/km?, whereas this domain covers only 19.7% of the study area. This
clustering reflects the location of settlements rather than a hydrogeological choice,
since most of these boreholes were sited to supply drinking water to localities as
close as possible to dwellings, without any prior detailed hydrogeological investi-
gation. Their yields are predominantly low: 53.6% of the boreholes yield 3 m*/h
or less, 23.7% between 3 and 7 m*/h, 16.5% between 7 and 15 m*/h, and only 80
boreholes (6.1%) more than 15 m*/h, consistent with the typical range of basement
aquifers (Section 2.2.2).

The distribution of these yields by D, class is given in Table 4. The proportion
of boreholes exceeding 15 m*/h does not increase steadily with D,: it is zero in the
D, < 10 nodes/km? class (37 boreholes), 5.8% where D, < 15 nodes/km? and 7.7%
where D, > 20 nodes/km? with a maximum of 9.5% above 25 nodes/km?® The
clearest contrast concerns low-yield boreholes, whose proportion (3 m*h or less)
decreases from 64.1% where D, < 15 nodes/km? to 45.1% where D, > 20
nodes/km? The yield distribution depends significantly on the D, class (chi-
square test, two lowest classes merged, y* = 32.3, df = 9, p < 0.001), but the rank
correlation between D, and yield, computed on individual values, remains weak
(Spearman’s p = 0.13, p < 0.001). Because the boreholes are spatially clustered
around towns and villages, these tests overestimate the effective sample size and

should be regarded as indicative.

Table 4. Distribution of end-of-drilling yields of the 1307 boreholes in the study area by intersection

node density class (number of boreholes, with the percentage of the class in parentheses).

D; class (nodes/km?) n Q<3m’h 3<Q<7m’h 7<Q<15m’h Q>15m’h

<10 37 22(59.5%) 10 (27.0%) 5 (13.5%) 0 (0.0%)
10 - 15 222 144 (64.9%) 36 (16.2%) 27 (12.2%) 15 (6.8%)
15 - 20 569 319 (56.1%) 132 (23.2%) 90 (15.8%) 28 (4.9%)
20 - 25 384 167 (43.5%) 112 (29.2%) 77 (20.1%) 28 (7.3%)

25-31.6 95 49 (51.6%) 20 (21.1%) 17 (17.9%) 9 (9.5%)
Total 1307 701 (53.6%) 310 (23.7%) 216 (16.5%) 80 (6.1%)

By contrast, the targeted siting of geophysical stations in zones of high and very
high intersection node density led to two productive boreholes, SE1 at Tenkodogo
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and SE9 at Garango (Figure 11). The D, values extracted from the raster at their
coordinates are 23.5 nodes/km? for SE1 and 23.7 nodes/km? for SE9, both in the
20 - 25 nodes/km? class (Table 5). Both boreholes therefore lie within the densest
5% of the study area (5.2% for SE1 and 4.7% for SE9). Their end-of-drilling yields,
measured by airlift, are 50 m*/h and 18 m*/h, respectively, i.e., well above the range

usually observed in the basement aquifers of the area (0.5 to 7 m*/h) [8] [9] [32].
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Figure 11. Lineament intersection node density map showing the location of existing bore-
holes and of the new high-yield boreholes drilled [21] [22] [34] [35] [49] [50]. The Dn
values at boreholes SE1 and SE9 are given in Table 5.

These results can be explained by the fact that intersection nodes combine two
favorable conditions: they mark the crossing of potentially highly transmissive
structures that can act as drains, and they maximize network connectivity, thereby
increasing the probability that a borehole intersects an open structure continu-
ously fed by water stored in the surrounding weathered layer [5]. As pointed out
by [9], however, lineament density alone does not guarantee success, since a frac-
ture may be sealed by quartz infilling or closed under lithostatic stress. The results
from these two boreholes are consistent with open, hydraulically active NE-SW
and NW-SE fracture sets at their intersections, but two boreholes cannot demon-
strate this at the scale of the Tenkodogo square degree.

- Borehole SE1 at Tenkodogo

Analysis of the lithological and technical log of borehole SE1 at Tenkodogo
(Figure 12) reveals a classic and particularly favorable weathering profile of the
granitoid basement. A substantial thickness of weathered material (clayey to are-

nitic saprolite, 0 to 20 m) overlies the bedrock.
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Depth (m)

Combined with a shallow static water level (SWL = —9.30 m), this horizon acts
as a capacitive reservoir and stores infiltrating water. The saturated thickness of
weathered material below the static water level reaches 10.7 m, corresponding to
the difference between the base of the weathered layer (20.0 m) and the depth of
the static water level (9.30 m).

The granitic bedrock shows moderate fissuring between 20 and 35 m, followed
by a first highly fractured, water-bearing zone between 35 and 51 m. A second
moderately fissured horizon is observed between 51 and 57 m, before another
highly productive fractured zone between 57 and 64 m. Two major water inflows
are intersected there: WI1 (18 m*/h at 43 m) and W12 (20 m*/h at 62 m). Following
well development operations, the unclogging of fractures raised the end-of-drill-
ing (airlift) yield to 50 m*/h.
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Figure 12. Lithological and technical log of borehole SE1 at Tenkodogo.

- Borehole SE9 at Garango

The lithological and technical log of borehole SE9 at Garango illustrates the in-
fluence of the geometry of the deep fractured zone (Figure 13). The weathered
mantle is much thinner here (0 - 7 m) and rests directly on weakly fissured granite
(7 - 12 m), which is then fractured but dry between 12 and 64 m. Despite a shal-
lower static water level (SWL = —5.32 m), the productive fractures are effectively
interconnected and water-bearing only at depth, between 64 and 84 m. The satu-

rated thickness of weathered material below the static water level is only 1.7 m,
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corresponding to the difference between the base of the weathered layer (7.0 m)
and the depth of the static water level (5.32 m), compared with 10.7 m at borehole
SE1 (20.0 m - 9.30 m). This small thickness of the capacitive reservoir may partly
explain the lower productivity of this borehole compared with borehole SE1 at
Tenkodogo. Two main water inflows are recorded at the bottom of the borehole:
WII = 12 m*h at 76 m and WI2 = 6 m*/h at 82 m, giving a cumulative end-of-
drilling (airlift) yield of 18 m*/h.
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Figure 13. Lithological and technical log of borehole SE9 at Garango.

The main parameters of the two boreholes are summarized in Table 5.

The interpretation of the two boreholes is consistent with the conceptual model
of groundwater occurrence in the West African basement [5]. The upper weath-
ered layer provides the storage volume, whereas the intersection nodes between
the major NE-SW and NW-SE fractures, intersected at depth, are interpreted as
high-conductivity structures draining the water stored in the overlying weathered
mantle [5] [31]. The difference in productivity between the two boreholes is prob-
ably related, at least in part, to the saturated thickness of weathered material below
the static water level, which is much greater at Tenkodogo (10.7 m) than at
Garango (1.7 m) and may provide more direct and sustained recharge to the un-
derlying fracture network [29] [30]. Other factors, such as fracture aperture, the
number and connectivity of water-bearing fractures and the effect of well devel-

opment, cannot be ruled out.
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Table 5. Comparative summary of the technical and hydrodynamic parameters of boreholes SE1 (Tenkodogo) and SE9 (Garango).

Parameter SE1—Tenkodogo SE9—Garango
Thickness of the weathered layer 0-20m 0-7m
Static water level (SWL) -9.30 m -5.32m
Saturated weathered thickness below SWL =10.7 m =1.7m
Moderately fissured zone 20-35m;51-57m 7 - 12 m (weakly fissured)
Highly fractured/water-bearing zone 35-51m;57-64m 12 - 64 m (fractured, dry), productive from 64 to 84 m
Water inflow 1 (WI1) 18 m3/h at 43 m 12 m3/h at 76 m
Water inflow 2 (W12) 20 m’/h at 62 m 6 m3/h at 82 m
D, at the borehole site (nodes/km?) 23.5 23.7
End-of-drilling yield (airlift) 50 m*h 18 m*/h

In agreement with the observations of [9], these results suggest that lineament
intersection node density is a promising prospecting indicator, but one that is in-
sufficient on its own. In crystalline settings, an intersection node may indeed cor-
respond to the crossing of structures closed by silicification or clogged by clayey
weathering infill. Consequently, hydrogeological prospecting aimed at obtaining
high-yield boreholes must rely on a multi-criteria analysis integrating other geo-
logical, geomorphological and environmental factors [11] [13]. Several limitations
should also be borne in mind: 1) the direct evidence of targeted siting rests on two
boreholes only, and a comparison with boreholes sited using the same procedure
in low-density zones would be needed to isolate the effect of D,; 2) end-of-drilling
airlift yields are not equivalent to sustainable operating yields; 3) D, depends on
the bandwidth r and on the relative density of the three merged networks, and its
sensitivity to these factors was not assessed here; and 4) the field check of the lin-

eaments remains local (99 of 44,742 lineaments checked around 17 stations).

6. Conclusions

This study demonstrates the value of a multi-scale, multi-source approach for hy-
drogeological prospecting in structurally complex crystalline basement aquifers.
By integrating airborne geophysics, multispectral optical imagery and radar im-
agery rather than relying on a single sensor, it contributes to characterizing the
multi-scale architecture of the fracture network of the Tenkodogo square degree.

The results suggest that the productivity of basement aquifers depends not only
on overall lineament density, but also on the connectivity of the fracture network
and on the spatial superposition of deep magnetic structures, which may act as
regional drains, and a dense network of surface lineaments which, where they re-
flect shallow fracturing, may promote recharge. Kernel density analysis of linea-
ment intersection nodes made it possible to map the zones of maximum network
connectivity. Among the 1307 boreholes in the study area, the proportion of high-
yield boreholes (>15 m’/h) rises from 5.8% where node density is below 15
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nodes/km? to 7.7% where it exceeds 20 nodes/km?, while that of boreholes yielding
3 m*/h or less decreases from 64.1% to 45.1%, and two boreholes sited directly in
zones of high and very high node density delivered high end-of-drilling (airlift)
yields (50 m*/h at Tenkodogo and 18 m’/h at Garango). This result is encouraging
for the approach, but the correlation between node density and yield remains
weak, and node density cannot be regarded as a stand-alone siting criterion.
From a practical standpoint, these results argue for integrating this type of
structural analysis upstream of drilling campaigns in basement areas. Future re-
search should address: 1) a statistical analysis relating lineament intersection node
density (D,) to long-term operating yields, rather than to end-of-drilling yields,
across the entire available borehole database, together with a sensitivity analysis
of D, to the bandwidth r; 2) standardized pumping tests (transmissivity, specific
capacity) on high-yield boreholes in order to objectively determine their actual
productivity beyond end-of-drilling yields; 3) a multi-criteria analysis aimed at
quantifying storage volumes and recharge at the main structural nodes; and 4) the
integration of this intersection node density into machine learning models for au-

tomated groundwater potential mapping.
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