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Structural Controls of the Expansion of Small-Scale
Artisanal Gold of Bouda Area (Kaya-Goren Green Belt,
Burkina Faso) From Remote Sensing

R. A. L. Dao! ©, H. Ilboudo', and D. Baratoux>>

Laboratoire Géosciences et Environnement, UFR en Sciences de la Vie et de la Terre, Université Joseph KI-ZERBO,
Ouagadougou, Burkina Faso, 2Géosciences Environnement Toulouse, Université de Toulouse, CNRS & IRD, Toulouse,
France, UFR des Sciences de la Terre et des Ressources Minigres, Université Félix Houphouét-Boigny, Abidjan, Cote
d’Ivoire

Abstract Small-scale artisanal mining is a vital sector of the economy of Burkina Faso. This activity,
correctly regulated, remains essential for the population despite security issues since 2015. Exploration of new
areas for gold mining in this condition is difficult but essential to continue extractive activities. It is, therefore,
important to define viable corridors, with science-based evidence for the good prospects, to support artisanal
miners’ activities in a way that minimizes the environmental impact. We describe a remote sensing approach to
study the structural control of expanding small-scale artisanal gold activity at the Bouda site and define future
mining corridors. This remote sensing approach can also mitigate and remedy environmental impacts. The
Minimum Noise Fraction (MNF) is applied to Landsat images (7-ETM+, 5-TM, and 8-OLlI, respectively, for
2000, 2011, and 2022) to detect extraction sites and perform a spatiotemporal analysis of the expansion of areas
affected by gold extraction. The near-infrared and mid-infrared bands of Landsat images significantly contribute
to detecting extraction areas. A morphological study of the site over time and Principal Component Analysis
(PCA) on Landsat 8-OLI enable us to perform a lineament analysis. The expansion of mining activity is
structurally controlled, as revealed by the correlation between gold occurrences and high lineament densities,
especially in the dominant NE-SW direction. These analyses suggest five potential prospecting corridors in the
Bouda site.

1. Introduction

Artisanal mining was once considered an activity practiced by farmers and poor populations to meet their daily
needs due to the declining productivity of their crops caused by the dry season and/or climate change. Today, this
activity is Africa’s most important rural non-agricultural activity (Abass Saley et al., 2021; Hilson, 2020; Ngom,
Baratoux, et al., 2022). In Burkina Faso, artisanal and small-scale mining (ASM) is legally practiced under an
Authorization of Artisanal Exploitation (AEA, standing for Autorisation d’Exploitation Artisanale, in French).
The DGMG (General Department of Mines and Geology) grants the AEA. Without AEA, artisanal mining is
illegal.

The Bouda site, located in northern Burkina Faso, within the Passoré province, specifically near the Pélegtenga
village (see Figures 1 and 2), is legally exploited and well organized. A farmer discovered the site by chance at the
end of 1987, and mining began in January 1988 (Nana, 1992). The mineralization is structurally controlled. This
activity provided economic benefits to the population. Unfortunately, the country has been plagued by terrorist
attacks since 2015, causing massive population displacements estimated at nearly 1.5 million people by 2022
(OCHA, 2022).

The Bouda site, among other sites, is still active, showing the vital capacity and resilience of the population, able
to maintain the activity despite the lack of security. However, this situation slows down geological exploration
and the possibility of discovering new prospects. It is, therefore, necessary to find alternative techniques to
continue geological exploration and monitor the expansion, evolution, and abandonment of artisanal mining sites.
Remote sensing offers a promising alternative when field investigations must be limited. Remote sensing has been
successfully used in exploration geology (Bedini, 2011, 2017; Hu et al., 2018; Ibrahima et al., 2018; Pour &
Hashim, 2015a, 2015b) for interpreting spectral signatures over relatively large areas of interest (Girija &
Mayappan, 2019; Rajesh, 2004) and identifying new prospects (Amer et al., 2012; Pour & Hashim, 2011). These
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Figure 1. Synthetic geologic map of the Leo Ridge (modified after Grenholm (2014)) showing the study area with a blue frame.

tools were also successfully employed for mapping and monitoring the expansion and environmental impacts of
artisanal mining in Ghana (Forkuor et al., 2020), Senegal (Ngom et al., 2020), Cdte d’Ivoire (Ngom, Mbaye,
et al., 2022), Niger (Abass Saley et al., 2021). The current study aims to optimize the definition of prospecting
corridors in the Bouda area based on the spatiotemporal dynamics of exploitation correlated with structural
analysis. The remote sensing-assisted definition of prospecting corridors shall potentially help artisanal miners
exploring new places and ensure the sustainability of their activity.

2. Regional and Local Geology

The Bouda site (Burkina Faso) and its mineralization occur in the southern part of the West-African Craton
(WACQ), which is divided into the Paleoproterozoic (Birimian) Baoulé-Mossi domain in the east and the Archean
Kénéma-Man domain in the west (Grenholm et al., 2019; Masurel et al., 2022; Figure 1). The Bouda site is located
in the Baoulé-Mossi domain, comprised of granites and greenstone belts (Baratoux et al., 2011; Hirdes
etal., 1996; Milési et al., 1992). These Paleoproterozoic rocks are exposed over approximately 80% of the surface
area of Burkina Faso. Still, they are covered on the country’s western, northern, and eastern margins by Neo-
proterozoic to Cambro-Ordovician formations of sedimentary rocks (1,000-435 Ma). The geodynamic setting is
still debated and implies either oceanic plateaus related to a mantle plume (Augustin & Gaboury, 2017; Baratoux
et al., 2011) or volcanic island arcs (Baratoux et al., 2011; de Kock et al., 2012; Ganne et al., 2012; Ilboudo
et al., 2020). The belts are essentially made up of metavolcanic rocks, ranging from metabasalts to metarhyolites
and metasedimentary rocks, including quartzites and metapelites (Baratoux et al., 2011; Ilboudo et al., 2017,
2020). The greenstone belts are the most prolific for gold and base metals, which are mainly structurally
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Figure 2. Study area showing the Bouda site (red frame) on a 1:200,000 geologic map from Chevremont et al. (2003),
Projection WGS84/UTM Zone 30N. Shaded relief in the background has been calculated from SRTM Data.
controlled (Augustin & Gaboury, 2017; Baratoux et al., 2011; Goldfarb et al., 2017; Markwitz et al., 2016;
Masurel et al., 2022).
The Bouda site (Figure 2) is located in a NE-SW flexure of the Boromo-Goren greenstone belt (Figures 1 and 2),
where the rocks consist of conformable successions of meta-sedimentary rocks that are intercalated with volcanic
rocks. These successions are intercalated with a suite of intermediate mafic volcanic rocks, volcanic breccias, and
tuffs (Hein et al., 2004). This assemblage was intruded by granites. The belt hosts several world-class metal
deposits, notably Poura, Bissa Gold, and Perkoa (Aziz et al., 2016; Markwitz et al., 2016).
Preliminary fieldwork conducted on the Bouda site shows that it comprises doleritic basalts (Figure 3a), gabbros
(Figure 3b), and metamorphic rocks composed of metabasalts (Figure 3c) and metapelites (Figure 3d) that host
the mineralized and gold-bearing quartz vein.
Regolith is not abundant and is discontinuous in the study area but is present in an open pit. At this location, its
depth is 2 m (to the base of the saprock) and is marked by kaolinitic and hematitic alteration.
DAO ET AL. 3 of 26
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Figure 3. Dominant rock types present in the Bouda area. (a) Doleritic basalt; (b) Gabbro; (c) Metabasalt; (d) Metapelite.

3. Materials and Methods

Our approach is based on standard remote sensing techniques applied on Landsat imagery. The Minimum Noise
Fraction (MNF) and Principal Component Analysis (PCA) followed by direction filters were applied as alter-
native approaches to identify potential mining sites (Figure 4). The two techniques have been successfully used
for the detection of mining sites in other locations (Abass Saley et al., 2021; Aretouyap et al., 2020; Gannouni &
Gabtni, 2015; Ghislain et al., 2021; Ibrahim & Mutua, 2014; Ourhzif et al., 2019). Due to insecurity issues, a short
period of fieldwork (3 days) was carried out on the Bouda site. It consisted of recording the coordinates of some
extraction areas (considered to be gold-bearing areas), dwellings, and bare ground. They are named “ground
checkpoints.”

3.1. Data Acquisition and Pre-Processing
3.1.1. Data Acquisition and Fieldwork

Satellite images used for the study consist of Landsat 5-TM, 7-ETM+, and 8-OLI images. Landsat 7-ETM+
images were considered for the year 2000, Landsat 5-TM images for 2011, and Landsat 8-OLI images for 2022. It
is important to note that since June 2003, the Landsat 7-ETM+ satellite sensor has been acquiring and delivering
data with gaps caused by the failure of the scan line corrector (SLC). Table 1 explains the characteristics of each
type of image used. These images are in the public domain and were downloaded from www.earthexplorer.usgs.
gov. Three scenes spanning two decades (2000, 2011, 2022) were selected with the following criteria: images
acquired during the dry season from February to April and with cloudiness cover less than 5%. This temporal
frequency (one scene per decade) was chosen in adequation with the spatial dynamics of the site, previously noted
using Google Earth Pro 7.3 archive images.

The goal of the fieldwork was to record the coordinates of extraction areas, bare ground, and dwellings. These
ground checkpoints were chosen to perform the spectral analysis of the satellite images and validate the
interpretations.

3.1.2. Pre-Processing of Satellite Images

Optical remote sensing images commonly contain radiometric and geometric errors due to the combined effects
of the atmosphere, instruments used, sunlight, and topography (Dubois, 1999; Richards & Jia, 2006). These errors
manifest in various types of noise in remotely sensed images, which must be minimized to reduce their impact on
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Figure 4. Flowchart showing the main steps of our methodology.

the mapping products derived from these images. The Landsat imagery used in this work has a level 1 accuracy
and terrain correction (level 1T). They are orthorectified using ground checkpoints and elevation data provided by
a digital elevation model (DEM). The pre-processing of the Landsat data includes radiometric calibration and
atmospheric correction using the Fast Line of Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH)
module of ENVI 5.3 software (Javhar et al., 2019; Wambo et al., 2020).

3.2. Spatiotemporal Analysis Method

The application of Minimum Noise Fraction (MNF) is used for the identification of the extraction areas (Figure 4,
left branch) following a previously successful application in the Sahelian region (Abass Saley et al., 2021).
Fieldwork data were examined in Google Earth Pro 7.3 software (archive images) and used to refine the contours
of extraction areas with greater precision. Figure 5 shows an example of the spectral signature of extraction zones
in MNF and Google Earth Pro 7.3. ArcGIS 10.5 software was used to digitize the polygons of extraction areas to
estimate their surface areas. MNF output overlaid on Google Earth Pro 7.3 archive images was used for this

purpose.

The MNF algorithm consists of two successive principal component (PC) transforms (Green et al., 1988). The
first PC transform focuses on noise whitening by decorrelating and scaling the noise in the data, producing data
with a variance of one (1) and no inter-band correlation (Shawky et al., 2019). This transformed data was sub-
jected to a second standard PC transform, resulting in a final uncorrelated output organized according to infor-
mation content reduction (Research Systems, Inc, 2003).
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Table 1

Spectral and Spatial Characteristics of Landsat-5 TM, Landsat-7 ETM+, and Landsat 8-OLI Data

Spectral bands

Wavelengths (pm) Spatial resolution (m) Acquisition date and time

Landsat 5-TM Band 1—Blue 0.45-0.52 30 08 February 2011 at 10hr 16 min 01 s Cloud cover: 0
Band 2—Green 0.52-0.60 30
Band 3—Red 0.63-0.69 30
Band 4—NIR 0.76-0.90 30
Band 5—SWIR 1 1.55-1.75 30
Band 6—TIR 10.40-12.50 120
Band 7—SWIR 2 2.08-2.35 30
Landsat 7-ETM+ Band 1—Blue 0.441-0.514 30 18 February 2000 at 10hr 18 min 44 s Cloud cover: 0
Band 2—Green 0.519-0.601 30
Band 3—Red 0.631-0.692 30
Band 4—NIR 0.772-0.898 30
Band 5—SWIR 1 1.547-1.749 30
Band 6—TIR 10.31-12.36 60
Band 7—SWIR 2 2.064-2.345 30
Band 8—Panchromatic 0.515-0.896 15
Landsat 8-OLI Band 1—Aerosol 0.433-0.453 30 27 April 2022 at 10hr 25 min 49 s Cloud cover: 0.03
Band 2—Blue 0.450-0.515 30
Band 3—Green 0.525-0.600 30
Band 4—Red 0.630-0.680 30
Band 5—NIR 0.845-0.885 30
Band 6—SWIR 1 1.560-1.660 30
Band 7—SWIR 2 2.100-2.300 30
Band 8—Panchromatic 0.500-0.680 15
Band 9—Cirrus 1.360-1.390 30

Note. NIR = Near Infrared, SWIR = shortwave infrared, TIR: Thermal Infrared.

3.3. Lineaments Analysis Method

The lineament analysis (Figure 4, right branch) was completed utilizing only the Landsat 8-OLI satellite image
(the most recent one having the highest resolution). During our fieldwork, we noticed that mineral exploitation
was done in a preferential direction and that extraction sites are elongated in a single direction. This was
confirmed by plotting the points and analyzing the images on Google Earth Pro 7.3. We, therefore, chose to study
the structural control of the mining exploitation by extracting the lineaments of the site by remote sensing to see
possible correlations between structural elements and the direction of expansion of the mining sites. To this end,
to highlight the lineaments related to tectonism, we first applied combinations and ratios of spectral bands to
determine the best combination to delineate lithological contacts by analyzing histograms of RGB bands. We then
used a selective Principal Component Analysis (PCA) on the best combination determined in the previous step,
followed by directional filters to decorrelate the spectral bands and extract the lineaments. The details of each step
are presented in the next paragraph.

3.3.1. Combinations and Ratios of Bands

Band combinations and ratios are commonly used enhancement techniques on multispectral optical remote
sensing images for discriminating between different rock units (Rezaei et al., 2020). Spectral band ratios reduce
topography effects in remote sensing images and enhance specific features related to the reflectance spectrum of
target rocks (Richards & Jia, 2006). The combinations and band ratios applied here are derived from Abdessamad
et al. (2018), who synthesized the different band combinations and band ratios in the Landsat image processing
chain for lithology discrimination. As a result, the 4.3.2 and 7.5.3 RGB mode combinations and the 6/4.5/3.4/2
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and 6/7.6/2.6/5 band ratio RGB mode combinations were applied, where numbers represent Landsat 8-OLI
channels as given in Table 1. The best combination for unit discrimination was chosen based on band histo-
gram analysis. Experimental lithological limits were drawn on the best image and overlaid on the other com-
binations for better visualization of the boundaries between each unit.

3.3.2. Selective Principal Component Analysis (PCA)

Satellite imagery consists of interdependent multispectral bands that contain redundant information. This prop-
erty can be used to reduce the dimension of the data and produce data sets that are easier to analyze and visualize,
with much of the information (variance) preserved. The PCA technique is an effective statistical technique for this
purpose. By removing redundant data and isolating noise or topography, the relevant spectral information is
concentrated and preserved in a small number of uncorrelated bands called principal components (Adiri
etal., 2016; Han et al., 2018; Liu & Philippa Mason, 2009; Loughlin, 1991; Sheikhrahimi et al., 2019). This type
of processing is based on linear algebraic raster operations and multivariate statistics and provides an efficient
method for lineament detection (Li et al., 2010). Each principal component output contains data from different
input bands (Adiri et al., 2020), and each band contribution can be determined by examining the eigenvectors. A
selective PCA is applied to the band combination determined in the previous step to concentrate the maximum
spectral information related to lithologies in the first principal component before applying the direction filters to
extract the lineaments.

3.3.3. Directional Filters

Lineaments are represented as textural discontinuities, such as the edges of relatively uniform regions asso-
ciated with high frequencies or strong reflectance transitions. The geometric edge enhancement and detection
method is based on convolutional filtering (Moore & Waltz, 1983). Consecutive elements of the original
image are multiplied by the convolution window values, and the results are combined to form the resulting
image. The first band of the PCA output applied to either the combinations of bands or band ratios (depending
on which one best discriminates the lithologies) is used for enhancement and edge detection. Directional
filtering using gradient enhancement matrices of different sizes is widely used for lineament extraction from
Landsat 8-OLI images (Aretouyap et al., 2020; Gannouni & Gabtni, 2015; Ibrahim & Mutua, 2014; Mwaniki
et al., 2015; Suzen & Toprak, 1998). As the matrix size increases, the number of affected pixels increases and
the gradient map becomes more blurred (Aretouyap et al., 2020). Considering the Landsat resolutions of 30 m
per pixel and the typical sizes of lineaments of interest (fault zones), a 3 X 3 matrix is the most appropriate.
Also, directional filters were applied in N-S, NE-SW, E-W, and NW-SE directions to search for the different
orientations of lineaments.

3.3.4. Extraction of the Lineaments

In the gradient images resulting from applying the directional filters, the lineaments appear as linear features
associated with abrupt changes in the neighboring pixels corresponding to high absolute gradient values.
Automatic extraction of lineaments from the gradient image was performed using PCI Geomatica 2013 software
with the “Line Extraction” module. The first principal component (PC1) was processed with the parameters listed
in Table 2 that are optimal for detecting tectonic related lineaments (Endyana et al., 2018). The reader is referred
to https://catalyst.earth/catalyst-system-files/help/references/pciFunction_r/easi/E_line.html for the definition of
each of these parameters. The data for roads and tracks from the National Topographic Database provided by the
Geographic Institute of Burkina Faso (IGB) were used to eliminate bias in the lineaments detection. These data
are available upon request from the Institute. Thus, the lineaments related to roads and tracks were removed. Also,
only the automatically detected lineament is retained for duplicate detections of lineaments that appear in the
images associated with different filter directions. Finally, three lineaments were identified and manually traced
during a manual check. The RockWorks 2017 and ArcGIS 10.5 software packages were then used to analyze
extracted lineaments’ distribution, orientation, and length. The lineament distribution analysis was supported by a
lineament density map expressed as a percentage of lineaments per unit area.
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Figure 5. Example of site detection on the MNF output and Google Earth (Projection WGS84/UTM Zone 30N): (a) Sites detected on MNF output; (b) Zoomed image of
an extraction site seen on the MNF image; (c) Contour refinement with Google Earth.

4. Results

4.1. Results of the Spatiotemporal Analysis

4.1.1. Identification of Extraction Sites (MNF Application)
o Landsat 7-ETM+ (year 2000)

Table 3 shows the eigenvectors matrix from the MNF application on the
Landsat 7-ETM+ image, whereas Figure 6 presents the MNF images. Ore
extraction activity began in the areas highlighted by yellow frames marked on
the MNF images (Figure 6). MNF7-1 concentrates the maximum information
(45.85%), followed by MNF7-2 (17.51%) and MNF7-3 (15.53%) (total:
79.89%). The remaining MNFs (MNF7-4, MNF7-5, and MNF7-6) contain

Table 2
Parameters Used to Extract Lineaments in the PCI Geomatica 2013
Software Automatically
Parameters Used values
RADI: filter radius 5
GTHR: Edge Gradient Threshold 75
LTHR: Curve Length Threshold 2
FTHR: Line Fitting Threshold 10
ATHR: Angular Difference Threshold 20
DTHR: Linking Distance Threshold 1
DAO ET AL.
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Table 3
MNF Band Eigenvector Matrix From Landsat-7 ETM+
Eigenvectors Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Eigenvalues (%)
MNF7-1 —0.551 —0.622 0.192 —0.508 0.111 —0.008 45.85
MNF7-2 —0.433 —0.336 —0.121 0.826 —0.039 0.025 17.51
MNF7-3 0.569 —0.473 0.640 0.197 —0.040 0.0004 15.53
MNF7-4 —0.278 0.413 0.547 0.139 0.601 —0.266 9.73
MNF7-5 —0.324 0.307 0.471 —0.013 —0.757 0.068 8.14
MNF7-6 —0.047 0.096 0.122 0.012 0.222 0.961 3.20
less spectral information (Figures 6d—6f), with 9.73%, 8.14%, and 3.20% of eigenvalues for MNF7-4, MNF7-5,
and MNF7-6, respectively. MNF7-1 cannot discriminate between extraction areas, dwellings, and bare ground, as
MNF-1 pixel values are randomly distributed for each terrain type. MNF7-2 highlights extraction areas in white
pixels, but there is a lack of discrimination between extraction areas and dwellings; bare ground is shown in white
and gray. The control points pixel values for MNF7-3 and MNF7-4 are randomly distributed; therefore, the two
bands are useless for discriminating the land use. Extraction areas stand out on MNF7-5 as bright pixels (high
pixel values). MNF7-6, on the other hand, is very noisy. MNF7-5 was then used to identify the mining site and the
extent of the activity for 2000, aided by verifications and refinement in Google Earth imagery.
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square highlights the extractive areas that were already active at the time of acquisition.
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Table 4

MNF Band Eigenvector Matrix From Landsat 5-TM

Eigenvectors Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Eigenvalues (%)
MNF5-1 —0.694 —0.501 0.197 —0.470 0.019 —0.068 46.69
MNF5-2 —0.689 0.459 —0.445 0.331 —0.025 0.059 20.20
MNF5-3 0.174 0.153 —0.628 —0.683 0.282 0.062 12.53
MNF5-4 —0.100 0.652 0.604 —0.292 0.324 0.087 10.83
MNF5-5 0.025 0.291 0.026 —0.331 —0.852 —0.279 6.32
MNF5-6 —0.001 —0.049 0.035 —0.080 —0.296 0.949 3.41

e Landsat 5-TM (year 2011)

The eigenvectors matrix from the MNF application on the Landsat 5-TM image is shown in Table 4, whereas the
MNF images are given in Figure 7. In addition to the yellow frames highlighting areas of activity in 2000, the blue

frames represent new exploitation areas active in 2011 and the following years. MNF5-1 concentrates the
maximum information (46.69%), followed by MNF5-2 (20.20%), MNF5-3 (12.53%), and MNF5-4 (10.83%).
MNF5-5 and MNF-6 are poor in spectral information, with 6.32% and 3.41% of eigenvalues, respectively.

The MNF5-1 does not allow discrimination between bare ground and extraction areas that both appear as white to

gray pixels. In MNF5-2, the extraction area and the houses are highlighted in bright pixels. The extraction areas
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Figure 7. Landsat 5-TM 2011 Minimum Noise Fraction (MNF) bands: (a) MNF5-1; (b) MNF5-2; (¢) MNF5-3; (d) MNF5-4; () MNFS-5; (f) MNF5-6. The blue square

highlights the additional extractive areas already active during acquisition.
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Table 5
MNF Band Eigenvector Matrix From Landsat 8-OLI

Eigenvectors Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Eigenvalues (%)

MNEF8-1 —0.210 —0.447 —0.285 0.510 —0.082 0.075 43.96
MNEF8-2 0.013 0.537 —0.317 0.665 —0.239 0.039 18.35
MNEF8-3 —0.585 0.396 0.541 0.181 0.346 0.059 12.77
MNF8-4 0.393 0.536 0.010 —0.195 —0.258 —0.145 9.34
MNEF8-5 0.524 —0.235 0.668 0.451 —0.076 —0.103 7.50
MNF8-6 —0.410 —0.097 0.161 —0.071 —0.635 —0.616 4.79
MNEF8-7 0.119 0.022 —0.226 0.132 0.581 —0.760 3.27

are well differentiated from the dwellings in MNF5-3, with black and gray pixels, respectively. MNF5-3 gives the
best results, showing extraction areas with black pixels (low pixel values). MNF5-5 and MNF5-6 are more noisy
and not helpful in identifying mining sites. It is here the MNF5-3, which was retained for identifying and
delineating extraction areas and monitoring the expansion of the mining activity in 2011, aided by Google
imagery.

e Landsat 8-OLI (year 2022)

Table 5 shows the eigenvectors matrix from the MNF application on the Landsat 8-OLI image. MNF images are
shown in Figure 8. In addition to the retrieval activity of 2000 and 2011, the evolution of the retrieval activity of
2022 is marked by green frames on the MNF images (Figure 8). MNF8-1 concentrates the maximum information
(43.96%), followed by MNF8-2 (18.35%) and MNF8-3 (12.77%). The remaining MNFs (MNF8-4, MNF8-5,
MNF8-6, and MNF8-7) show markedly reduced spectral information, with 9.34%, 7.50%, 4.79%, and 3.27% of
the eigenvalues, respectively. MNF8-1 highlights mainly the dwellings and the extraction areas in black and gray
pixels. The extraction areas are very well highlighted in black pixels in MNF8-2. The extraction areas are blended
with the dwellings in MNF8-3-MNF8-4, with white pixels. MNF8-5 and MNF8-6 show very noisy results and
cannot distinguish extraction areas from bare soils and dwellings. MNF8-2 result produced dark tones (low pixel
values) for the extraction areas and was chosen to calculate the expansion of the activity in 2022.

4.1.2. Estimation of the Expansion of the Extractive Activity in Time

ArcGIS 10.5 software was used to digitize the extraction areas’ polygons and estimate their areas. The images
MNF7-5 (2000), MNF5-3 (2011), and MNF8-2 (2022) were used for this purpose. Using Google Earth Pro 7.3
software, we refined the polygon contours for more accuracy. We divided the working area into two zones for a
better perception of the analysis: the North zone (green circle in Figure 9) and the South zone (red circle in
Figure 9).

For 2000, the analysis allowed us to detect two extraction sites in the North zone (Figure 9a). These two extraction
sites cover 30 ha, including 20 ha for the first and 10 ha for the second sites.

2011 was marked by the detection of three additional extraction sites (Figure 9b), including one in the North zone
and two in the South zone. The total area is 39.38 ha, corresponding to an increase of 9.38 ha compared to 2000.
The first additional site in the North zone has an area of 3.76 ha, and the other two in the South zone have areas of
0.44 and 0.18 ha, respectively.

For 2022, we detected two additional extraction sites (Figure 9c) in the South zone, bringing the total area to
65.41 ha with an increase of 26.03 ha compared to those measured in 2011. The two additional sites cover 8.81
and 2.17 ha, respectively.

It is important to note that in addition to detecting further mining sites, there have also been fluctuations in the size
of the sites identified previously. For example, the site with an area of 20 ha in 2000 increased to 20.3 ha in 2011
and then shrank to 14.3 ha in 2022. This suggests that some parts of the site are progressively abandoned, and the
natural evolution of the abandoned sites leads to a spectral signature that diverges from the active mining sites.
Field observations show that some abandoned sites became dwellings. Also, the site, with an area of 10 ha in
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Table 6

Aspect Ratios and Site Morphology Between 2000, 2011, and 2022

Sites  Aspect ratio 2000

Change from 2000 to 2011 in length; width ~ Aspect ratio 2011  Change from 2011 to 2022 in length; width ~ Aspect ratio 2022

Elongation 1,250/600 Elongation and regression 1,200/250
+450; +370 +30; —350
Lateral expansion 1,130/430 Elongation and regression 1,080/250
+60; +80 —50; —180
Elongation 530/200 Lateral expansion 550/270
+530; +200 +20; +70
Elongation 240/30 Elongation 890/470
+240; +30 +650; +440
Elongation 290/65 Elongation 500/110
+290; +65 +210; +45
Site does not exist 0/0 Elongation 680/380
+680; +380
Site does not exist 0/0 Elongation 250/170
+250; +170

2000, expanded to 14.7 hain 2011 and 16.7 ha in 2022. The three additional sites detected in 2011 have all grown
from 3.76 to 8.67 ha, 0.18 to 12 ha, and from 0.44 to 2.76 ha.

In summary, the extractive activity evolves by 0.85 ha per year from 2000 to 2021, and this rate increases to
2.36 ha per year from 2011 to 2022. More specifically, we calculated independently of the North and South zones.
Thus, the North zone presents an increase of 0.79 ha per year from 2000 to 2011 and 0.082 ha per year from 2011
to 2022. The South zone shows a rise of 0.056 ha per year from 2000 to 2011 and 2.28 ha from 2011 to 2022.

4.1.3. Morphology of the Evolution of the Extractive Activity

We calculated the aspect ratio of the extraction sites for the morphological study. To calculate this ratio, we placed
each detected site in the smallest rectangle and established the ratio of the length and width of each site. For each
time interval, the aspect ratio (length/width) was calculated as the difference between the lengths and widths of
the final year and the previous year. Thus, an increase in the aspect ratio is assimilated to elongation, and the
opposite is incorporated into lateral expansion. Table 6 shows the different results obtained from these aspect ratio
calculations. Figure 10 shows the morphology of detected sites (numbered from 1 to 7) for the years 2000, 2011,
and 2022, and the numbered sites are given in Table 6, showing the aspect per time interval. Rectangles have not
been drawn on Figure 10 to avoid overloading it and to perceive shape details better.

4.2. Results of the Lineament Analysis
4.2.1. Application of Band Combinations and Ratios

The band combinations 4.3.2 and 7.5.3 Landsat 8-OLI represented in RGB color images are shown in Figure 11.
The band ratios 6/4.5/3.4/2, and 6/7.6/2.6/5 represented in RGB color images are shown in Figure 12. The
combinations 4.3.2 and 7.5.3 do not discriminate very well the lithologies of the study area because RGB his-
tograms (Figures 13a and 13b) show an almost equal contribution of the different bands, meaning no distinct
contrasts can be perceived separating the units. This is expressed in the images by nearly monotone colors,
making it impossible to discriminate between lithological units.

For Figures 13c and 13d, on the other hand, the band histograms show variations, which translate into color
variation across the image (Figures 12a and 12b). This spectral contrast is more pronounced on the 6/7.6/2.6/5
combination (Figure 12b). The near-equal contribution of each band between pixel values 200-255 is probably
due to the reflectance of the ore (quartz) exposed in the extraction areas because quartz is often responsible for a
high albedo due to its generally light color compared to other minerals (Figure 12d). This combination was,
therefore, chosen for the rest of the lineament mapping. Note that the goal is here to identify lithological

1 800/230
2 1,070/350
3 0/0
4 0/0
5 0/0
6 0/0
7 0/0
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Figure 10. Morphological analysis of extractive activity evolution.

boundaries, but without fieldwork, it is impossible to determine the nature of the rocks within the inferred optical/
lithological units.

4.2.2. PCA Application

A PCA was applied to the 6/7.6/2.6/5 band ratio combination image to perform a lineament mapping of the study
area. Table 7 shows the eigenvectors matrix from the PCA application. The spectral information is concentrated in
the first principal component (PC1) (Figure 14a), with 67.73% of the spectral information assumed to be related to
the lithology (Table 7). The other principal components (PC2 and PC3) lack spectral data (Figures 14b and 14c),
with 19.38% and 12.88% of the eigenvalues, respectively. PC1, concentrating 67.73% of the spectral information,
has been used to extract the lineaments in the study area.

4.2.3. Application of Directional Filters

The application of directional filters is intended to facilitate identifying and tracking lineaments corresponding to
lithological or structural discontinuities in the images. Directional filters improve the perception of lineaments. In
addition, this type of filter can highlight lineaments not favored by the illumination source. In our study, the
enhancement of the lineaments was performed on the PC1 image shown in Figure 15 with the directional filters
following the directions of 0°, 45°, 90°, and 135°.
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Figure 11. RGB combinations of bands: (a) 4.3.2 combination; (b) 7.5.3 combination.

4.2.4. Extraction and Lineament Analysis

For each filter direction, lineaments were automatically extracted using the “Line Extraction” module of the PCI
Geomatica 2013 software. Thus, Figures 15a—15d show the extracted lineaments overlain on the corresponding
directional filter. Also, three lineaments were added manually after a double-check. At the end of this process, a
lineament map (Figure 16) was produced by merging extracted lineaments, when relevant, and removing
remaining artifacts (duplicated tracks, roads). Thus, in a decreasing order, we have 209 lineaments for the NW-SE
direction, 197 for the N-S direction, and 191 and 186 lineaments, respectively, for the NE-SW and E-W directions
for a total of 783 lineaments extracted.

The directional rosette shows lineament directions weighted by their lengths (Figure 17). The predominant
direction is NE-SW, followed by N-S. However, the directions of short lineaments are distributed relatively
homogeneously (no preferential direction). The lineament density map overlain on the extraction areas reveals
that high lineament densities correlate with known gold occurrences (Figure 18). The high lineament densities
are elongated in the primary NE-SW mining direction.

5. Discussions

This study shows that the near and shortwave infrared bands (NIR and SWIR 1) significantly contribute to
detecting ore extraction areas in artisanal gold mining. MNF application on Landsat 7-ETM+, 5-TM, and 8-OLI
images show that the MNFs chosen for the spatiotemporal analysis present a better detection of the extraction
areas for a strong negative weighting of the near-infrared band for Landsat 7-ETM+ (—0.757) and a moderate
positive weighting of the near-infrared band for Landsat 5-TM (0.282). The shortwave infrared band for Landsat
8-OLI (0.665) shows a strong positive weighting. The strong positive weights are marked by a low value of the
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extraction areas (black pixels), whereas the strong negative weights show a high value of the extraction areas
(white pixels). Several previous studies have demonstrated the contribution of the NIR and SWIR 1 band in
lithologic mapping through the absorption and reflectance of rock materials in the NIR-SWIR 1 domain (Abass
Saley et al., 2021; Ghislain et al., 2021; Gomez, 2004).

Several methodologies for artisanal mining activity monitoring from remote sensing data have been explored
recently and rely on various techniques, including those used in the current study and more sophisticated ap-
proaches using artificial intelligence (Abass Saley et al., 2021; Forkuor et al., 2020; Ngom et al., 2020). The
methodology tested here was chosen to demonstrate its simplicity of use, which is critical for routine use beyond
the academic domain by actors of the governance of the mining sector with various backgrounds and who may be
trained based on limited expertise in remote sensing analyses. Unlike previous work on this subject using a
panoply of field data, Burkina Faso’s context of insecurity makes it impossible to collect the desired amount of
field data. This methodology could contribute to decision-making regarding monitoring artisanal mining sites and
a tool for exploring additional favorable zones.

Based on an analysis of the progress of mining activity, the main factor influencing the fluctuation in the size of
the extraction areas is gold price Abass Saley et al. (2021). In this respect, gold price affects industrial and
artisanal mining similarly. Specifically, between 2000 (US$282 in January 2000) and 2011 (US$1873 in August
2011), extraction in the North zone evolved with gold price until the peak of gold price between 2011 and 2022
(US$2051 in March 2022). At this point, mining activity in the North zone slowed down and transitioned to the
South zone.

Analysis of the morphology of mining activity evolution reveals a progressive elongation of the extraction sites in
an NE-SW direction. This direction is identical to the predominant direction shown by lineament analysis.
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Table 7

Fieldwork provided information on the gold mineralization, hosted in sheared and laminated quartz veins that are
NE-SW trending. The field data confirms that the direction of the extraction sites and the gold-bearing quartz
veins are similar. In contrast, the spatiotemporal analysis suggests the continuity and parallelism of the gold-
bearing quartz veins between the North and South Zone sites. The NE-SW direction of the gold-bearing min-
ing sites, schistose metasediments, and quartz veins is consistent with the significant deformation phase D1 of the
Eburnean orogeny previously identified in the Man-Leo Ridge (Baratoux et al., 2011; Chevremont et al., 2003;
Feybesse et al., 1990, 2006; Milesi et al., 1992) and related to a NW-SE to WNW-ESE regional compression.
These directions are consistent with the orientations described by Baratoux et al. (2011) associated with D1 and
D2, with most gold mineralization related to the D2 transpressional event. The lineament density map shows a
structural control on the expansion of artisanal gold activity at the Bouda site (Figure 18). The areas with high
lineament densities are elongated in the primary NE-SW mining direction and match the known gold occurrences
well.

Based on the spatiotemporal and lineament analyses of the Bouda site, we propose five prospecting corridors
based on the continuity and parallelism of the extraction zones (North and South) and their correlation with
lineament densities (Figure 18). The use of remote sensing tools for exploration is promising but cannot entirely
replace field investigations (Augustin & Gaboury, 2017; Baratoux et al., 2011; Ilboudo et al., 2017, 2018;
Naba, 2007). As a result, the five prospecting corridors will need to be verified or field-checked in a more
favorable security context to confirm the continuity of the mineralization at
the Bouda site. Also, another remote sensing study is still in progress on the
Bouda site. It will allow us to further constrain the prospecting corridors’
potential by surveying hydrothermal alteration by remote sensing and ASD

PC Band Eigenvector Matrix spectrometry.
Eigenvectors Band 1 Band 2 Band 3 Eigenvalues (%)  The proposed exploration corridors were overlain on the topographic map of
PCl —0.686 —0.499 —0.529 67.736 the study area (Figure 19). We noted that topographic knolls are associated

ith i f high li sity. There i ssible bias in thi

P 0,603 0,015 079 16383 wi reglons.o ig 1r}eament density fere is a possible bias in . is
observation since low-lying areas may sometimes be covered by colluvium
L D205 —0.866 1220 Lz and alluvium, which might lead to an underestimation of lineaments in low
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areas. The link between topographic knolls, lineaments, and mineralization may alternatively, and more likely, in
our opinion, reflect processes, such as silicification, that both lead to the formation of these knolls (resistance to
erosion) and mineralization. Topographic knolls can act as markers of mineralization zones, their association
faults or fractures offering pathways for siliceous hydrothermal fluids involved in the mineralization. For
example, the tectonic processes that lead to the formation of knolls can also create favorable conditions for
mineralization, such as the presence of hydrothermal fluids.

Considering the insecurity that Burkina Faso has been experiencing since 2015, it is difficult for the authorities to
prevent illegal exploitation and the expansion of illegal mining sites. The methodology used is inexpensive and
well suited to the Sahelian and economic context of Burkina Faso, as the satellite images used are free and
downloadable online. Burkina Faso generally has low cloud cover, except during the rainy season, which is
neither favorable to geological exploration nor exploitation, so this methodology applies almost all year round. It
is possible to develop online applications for monitoring artisanal gold mining, as is the case for Senegal
(Ngom, 2022). With its geological exploration aspect, this methodology shows the possibility of defining relevant
exploration targets that could ensure the long-term operation of these artisanal mining sites, which could even-
tually evolve into semi-mechanized operations. By supporting the development of a minor sector toward semi-
mechanized operations, the government could undertake a system of community entrepreneurship where each
gold miner could be a shareholder. This system would create a relationship of trust between gold miners and the
government and provide solutions for better organization of artisanal gold mining in Burkina Faso and better
regulation of operations, revenues, taxes and environmental impacts and remediation procedures. This will
require collaboration between the academia, the Ministry in charge of mines, and the gold miners. The results
achieved by this study with so little field data and publicly available satellite images are very encouraging. We
anticipate even better results with higher spatial or spectral Earth observation products. This study, among others,
illustrates the potential benefits of enhancing the uptake of Earth Observation products and services in Africa
through interdisciplinary approaches (Speranzaa et al., 2022).

6. Conclusion

This study contributes to geological exploration in a context of insecurity, pushing the interpretation of remote
sensing data sets to the limits. Our approach using spatial data has allowed us to highlight the structural control of
artisanal gold activity at the Bouda site. On the one hand, MNF allowed the detection of extraction sites and a
spatiotemporal analysis. On the other hand, PCA and band combinations/ratios contributed to a lineament
analysis. This is less costly and fast enough for mineral exploration. This study demonstrates that space-borne
tools may be developed in Burkina Faso to support the development of regulated artisanal and semi-
mechanized mining sectors.
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