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ARTICLE INFO ABSTRACT

Keywords: Identifying potential hydrothermal alteration areas is indeed an essential method for mineral
Gold exploration. In this research, we developed an algorithm for the delineation of alteration mineral
Fuzzy

deposits related to gold mineralization in the Bibemi region using set of criteria derived from
Landsat 9 OLI data using false colour composites, band ratios, principal component analysis,
spectral angle mapper, and fuzzy-logic overlay methods. The methods used showed iron-oxides,
ferrous, and hydroxyl-bearing and carbonate mineral properties related to gold mineralization.
The fuzzy overlay map identified regions depending on their mineralization prospective, serving
as foundation for prospective mineral deposit evaluation investigation, which was produced by
the merging of band ratios and PC’s alteration markers labelled very good, and excellent and
encompasses 0.8-0.9, 0.9-1.0 respectively. The identified regions fit gold mineralization zones
based on their potential as proven by prior and field research. In addition, lineaments analysis
showed the presence of three main structural direction impacting the Bibemi region (N-S, NNE-
SSW, and ESE-WNW to SSE-NNW), when merged with identified rock formations permits the
possible deposition of mineral deposits. The innovative aspect of this research is the integration
and processing of Landsat 9 OLI and fieldwork data, which allows for the identification of
potentially mineralized rock formations and defining exploration targets.

Mineral exploration
Hydrothermal alteration
Bibemi

1. Introduction

Satellite imageries could be used to target multiple and new potential areas before conducting detailed and costly fieldwork
research [1,6,30,35,50,56,62]. Moreover, the use of satellite data for remote sensing is a crucial low-cost option for detecting,
mapping, and gathering dependable information on potential or prospective areas, and actually, enhanced remote sensing data has
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Fig. 1. (a) Location of the study area. (b) Geological map of north Cameroon (modified from Ref. [36]). The red rectangle represent study area. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

been extensively used for identifying and mapping subsurface minerals and structural features in regions of appropriate exposure like
detection of hydrothermal alteration zones in tropical and subtropical regions using satellite remote sensing data including Landsat
ETM+, Hyperion and PALSAR for gold mineralization [37,38,44-46,51,56].

Remote sensing methods have given useful instruments for characterising and identifying rock units, structures, and geological
characteristics that have assisted in the determination of mineralization areas. Due to its high spatial, spectrum, and radiometric
precision, remote sensing-based data is useful for mineral resource explorations. Delineating alteration regions and identifying mineral
signatures are among the main goals of this research using satellite imagery [1,6,31,35,50,54]. To determine potential mineral re-
serves sites and alteration areas their quality must be defined [2,6,14,35,50,54,57]. This is because such a process is usually associated
with the economic accumulation of metal ores such as copper (Cu), gold (Au), and silver (Ag). Numerous research articles such as
remote sensing for mineral exploration [49], application of remote sensing techniques in lithological and mineral exploration [35],
and mapping and discrimination the mineralization potential in the granitoids from Banyo area [50], used multi-spectral data (Landsat
thematic mapper, Landsat 8 and 9 OLI) from satellites thus, defining the extent of altered regions, identifying altered and unaltered
lithological units, and targeting ore forming regions.

Hydrothermal alteration minerals linked with orogenic gold and porphyry copper-gold formations have been extensively studied using
improved multi-spectral as well as hyper-spectral imageries in the VNIR (visible-near-infrared), and SWIR (short-wave infrared) regions
[3-5,7,9,16-18,23,27,30,37,38,47,53,56,62,65]. Particularly, hydrothermal alteration auras linked with ore formations exhibit absorp-
tion characteristics of Fe?*, Fe>*, AI-OH, Mg-OH, Si-OH, and CO%™ [37,44-46,56]. As a result, alteration mapping constitutes one of the
most significant methods in the survey stage of natural resource discovery for such systems [3,9,30,35,40-43,53,56,65].
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Fig. 2. Geological map of Bibemi area extracted from the geological map (1/200 000) of Garoua area from the Directory board of mines and
geology of Cameroon [52].

Landsat 8 and 9 OLI (operational land imager) images have been used to process, assess and map lithological units, structures, and
alteration minerals using digital image processing approaches [6,35,50]. Furthermore, these processing approaches include false
colour composite (FCC), band ratios (BR), principal component analysis (PCA; standard and selective), and spectral angle mapper
(SAM). Using a GIS-based method, such as fuzzy logic, to create mineral prospect maps based on satellite data has indeed become a
quick and accurate instrument for finding target regions for mineral exploration [1,6,30,56], especially during the survey stage. This is
due to the fact that using a GIS technique to merge geographically dispersed remote sensing data is an important strategy to mineral
discovery because it enables the merging of various data using digital overlay techniques to maximise mineral targets [6,12,30,56].

Furthermore, the innovative aspect of this research is integrating fuzzy-logic technique, Landsat 9 OLI data and fieldwork in-
vestigations for enhancing prospective zones of gold mineralization by reducing the effective cost and time for field investigations. As a
result, the primary objective of this study is highlighting prospective zones of gold mineralization in the Bibemi district and the
secondary objectives are: (i) process and assess Landsat-9 data to maximise susceptibility of the maps to hydrothermal alteration
minerals linked with gold mineralization in a vegetated tropical area (ii) conduct a thorough field investigation to confirm links
between Landsat 9 fingerprints and hydrothermal alteration areas linked with gold mineralization; (iii) produce prospect maps and
particularly locate high-probability areas in the Bibemi goldfield at local level for potential gold exploration.
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Table 1
Landsat 9 OLI/TIRS data spectral characteristics (https://www.usgs.gov/landsat-mission).
Satellite Sensor Band (Wave length (pm)) Spectral region Spectral resolution (m) Covering size (km)
Landsat 9 OLI/TIRS 1 (0.43-0.45) Coastal aerosol 30 m 185 km
2(0.45-0.51) Blue
3(0.53-0.59) Green
4 (0.64-0.67) Red
5 (0.85-0.88) Near IR (NIR)
6 (1.57-1.65) SWIR
7 (2.11-2.29) SWIR
8 (0.50-0.68) Panchromatic 15m
9 (1.36-1.38) Cirrus 30m
10 (10.60-11.19) Thermal Infrared (TIRS) 1 100 m
11 (11.50-12.51) Thermal Infrared
(TIRS) 2

2. Location and regional geologic setting

The study area is situated in northern Cameroon between latitudes N9°15'0” to N9°35'0" and longitudes E13°53'0" to E14°10'0”
(Fig. 1a), specifically in the Benoue district, and has a total surface area of 2535 km?. It is bounded in the north by the Figuil and Guider
districts, in the south by the Lagdo and Rey-Bouba districts, and in the east and west by the Republic of Tchad, Pitoa, and Dembo
regions, respectively.

The Bibemi area belongs to the north-western Cameroonian domain (Fig. 1b). The domain is composed of: (i) Medium to high grade
Neo-Proterozoic (700 Ma) schists and gneisses of the Poli-Léré group that were developed during the setting of a magmatic arc [15,32,
60]; (ii) pre-, syn-, and late-tectonic Pan-African calc-alkaline granitoids deposited between 660 and 580 Ma [15,32,36,58]; (iii)
post-tectonic alkaline granitoids made up of mafic and felsic dykes intersected by intruding granites and syenites [15,32]; (iv)
numerous basins composed of unmetamorphosed sediments and volcanic materials [15,59,61]. Isotope dating suggests that the
majority of the gneissic and granitic formations in this domain are Neoproterozoic in age, with a small Paleo-proterozoic addition, in
contrast to the Adamawa-Yade domain’s abundance of Paleo-proterozoic dates. This indicates that the Tcholliré-Banyo shear zone is a
significant barrier dividing a young Neo-proterozoic upper crust on the west part from ancient formations on the eastern side [10,15,
32,58].

Structurally, the Tcholliré-Banyo shear zone continues further east in the Mayo Kebbi area (southern Chad), is thought to highlight
a crustal scale fissure [15,29,32]. This lineament has lately been regarded as a significant structural feature of the Sahara Metacraton
[11,15,32], possibly corresponding to the eastern limit of the Saharan metacraton’s Chad cratonic core [15,26,32].

According to the earlier geological map (1,/200 000) from the Directory board of mines and geology of Cameroon, the Bibemi area
consist of a series of rocks such as sandstones, conglomerates, biotite granites, syenites, mica schist, and gneiss (Fig. 2, [52]). The
NE-SW elongated biotite granites and syenites intrude mica schist and gneiss basement (Fig. 2, [52]).

3. Material & methods
3.1. Data and pre-processing

Cloud free L1T Landsat 9 OLI data (path/row: 184/054) obtained on January 3rd’ 2023 covering Bibemi area, downloaded from
USGS (United States Geological Survey) website (https://earthexplorer.usgs.gov) was used in this research for targeting rock units and
detecting hydrothermal alterations linked to gold mineralization. The data is georeferenced to the Universal Transverse Mercator
(UTM) 33 N using the WGS-84 datum. Table 1 lists the technical properties of the Landsat 9 data. The Landsat 9 OLI data consist of a
collection of nine spectral bands (bands 1-9) and two TIR (thermal infrared) bands (bands 10-11). However, in this study the visible
near-infrared (VNIR), shortwave infrared (SWIR), and panchromatic band (b8) of Landsat 9 were used. Moreover, the Landsat 9 cirrus
(b 9) and TIR bands were not exploited in this research.

Radiometric calibrations and Quick atmospheric corrections (QUAC) algorithms using Envi 5.3 software were applied to the VNIR-
SWIR Landsat 9 bands for good accuracy detection, because QUAC performs a more approximate atmospheric correction than other
methods (e.g. FLAASH), typically yielding reflectance spectrum that are between 10 % and 15 % of the ground truth [8]. To enhance
the quality of the initial data, the research area’s Landsat 9 data was processed using the Envi 5.3 software and hence, the obtained
results were enhanced for visual assessment using layer staking and sub-setting.

In addition, a geological map of the Garoua area at a scale of 1/200 000 was utilised as a foundational source for comparison with
the remote sensing data. Likewise, field data including field photographs of exposed rocks, gold samples, sampling points, and rock
samples were respectively recorded and collected for eventual thin sections analysis at the Centre for Geological and Mining Research
(CRGM) of Garoua, Cameroon.
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Fig. 3. Methodological flowchart.
3.2. Methods

The summary of consecutive methods for image processing are provided in Fig. 3. The diverse rock units, alteration minerals and
structural features within the research area were distinguished using false colour composite (FCC), band ratios (BRs), standard and
selective (Crosta) principal component analysis (PCA), spectral angle mapper (SAM) classification approach, lineament analysis, and
fuzzy logic modelling. Accuracy assessment was performed for the SAM classification approach. The processing time was shortened
due to image sub-setting.

3.2.1. False colour combination (FCC) and band rationing (BR)

FCC, frequently referred to as the Red-Green-Blue (RGB) composite technique, is a useful approach for enhancing objects beneath
the surface and visually interpreting multi-spectral satellite images [34]. In this study, a combination of three bands (743, in RGB) was
created to highlight and discriminate the main lithological units within the study area (Fig. 4).

BR is an essential image enhancement approach for improving surface details or features in multi-spectral images. To create a
distinct spectral signature in the image, the process is utilised to eliminate the influence of light and topography [21]. Furthermore, it is
a method that divides a single band by another in order to emphasise characteristics that are not visible in raw bands [39]. Two
composite referenced BRs (4/2, 6/7, 6/5 and 7/5, 5/4, 6/7) have been generated or tested using the ‘Band ratio algebra’ tool in ENVI
5.3 software for discrimination and mapping of the extensively exposed lithological units within the study area using Landsat 9 OLI
bands. On the other hand, for mapping alteration minerals, several referenced BRs such as 4/2 (for iron-oxide), 6/5 (for ferrous), 6/7
(for hydroxyl), 6/5*4/3 (iron rich mineral index) and a combination (4/2, 5/4, and 6/7) image of Landsat 9 OLI bands were generated.
In addition, NDVI (Normalized Difference Vegetation Index) was calculated as NDVI = (5-4)/(5 + 4) and applied to identify vegetation
within the study area.

3.2.2. Principal component analysis (standard and Crosta-PCA method)

According to Refs. [28,30,35], PCA seeks to generate uncorrelated bands, minimise the dimension of multi-spectral data, and
separate noise parts. The PC analysis was performed using the PCA-rotation algorithm in ENVI 5.3 software. Standard PCA was applied
on six bands of Landsat 9 OLI data including band 2, 3, 4, 5, 6, and 7 for lithological unit discrimination and mapping. The PC result file
produced six sets of PC bands, including PC1, PC2, PC3, PC4, PC5, and PC6. Typically, the initial three bands involve the most in-
formation, whereas the last band contains noise data. A PCA combination (PC123) image was created for lithological interpretation.
Likewise, Crosta-PCA method (selective PCA; [13]) was performed on two sets of Landsat 9 OLI data such as 2, 4, 5, 6 and 2, 5, 6, 7 for
highlighting and targeting iron-oxide and hydroxyl minerals respectively. The Crosta PC analysis generated four sets of PC bands
including PC1, PC2, PC3 and PC4. Thus, PC4 was used to target and enhance alteration minerals for each aforementioned Landsat 9
OLI Crosta-PCA sets.

3.2.3. Spectral angle mapper (SAM) and accuracy assessment

SAM algorithm is a supervised classification method in ENVI 5.3 software that works by matching the spectrum of pixels to the
selected reference spectra. SAM examines the angle of reference spectra vector and every single pixel vector in n-D area, with lower
angles representing closer matches to the reference spectra [25]. In this study, the SAM approach was computed on band 743 of
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Fig. 4. False colour combination image of Landsat 9 OLI (743) discriminating several rock units in Bibemi area. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Landsat 9 OLI data and was based on the selected reference spectra from the United States Geological Survey (USGS) laboratory spectra
library. The n-D analysis was used to extract spectra from the image. Accordingly, ENVI 5.3 confusion matrix algorithm was used to
assess the accuracy of SAM classification approach. As a result, the overall accuracy (OA) and kappa coefficient were determined and
represent the whole accuracy result.

3.2.4. Lineament mapping

GIS and remote sensing methods were used to analyse and interpret lineaments. In this study, lineaments were elicited both
automatically using the PCI Geomatica line extraction tool algorithm and manually through visual interpretation of pan-chromatic
band (band 8) of Landsat 9 OLI data. However, the resultant lineaments were exported as GIS shapefiles and imported into ArcGIS
10.3 programme for analysis and processing using GIS line density and statistical approaches. Thus, the lengths of each lineaments
were calculated as well as the determination of their directions/trends, which are therefore plotted on a rose diagram using Rockworks
line tool algorithm for kinematic interpretations.
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Fig. 5. Band ratios images of Landsat 9 OLI data illustrating rock units and alteration zones in Bibemi area: (a) Sabin ratio (4/2, 6/7, 6/5 in RGB)
and (b) Kaufman ratio (7/5, 5/4, 6/7 in RGB).

3.2.5. Fuzzy-logic modelling technique

Fuzzy-logic modelling technique is a type of several-valued logic in which the actual values of the variables might be any real
number ranging from 0 to 1 [33]. In this study, using the fuzzy linear membership function from ArcGIS 10.3.1 software, fuzzy maps
were classified into 10 suitable class sets and thus, fuzzified. Furthermore, the fuzzy AND function was performed for thematic input
layers obtained from BR and PCA analyses of Landsat 9 OLI data.

3.2.6. Fieldwork survey

Fieldwork investigations was conducted on under good climate conditions mainly during the dry season in February 2023. This
survey within the study area was carried out using GPS (Global Positioning System) to validate remote sensing results including rock
units bearing alteration minerals related to gold mineralization. Furthermore, mining gold sites were observed on the field, their
positions were recorded and samples collected for petrographic observations at the Geological and Mining Research Centre Laboratory
(GMRC) of Garoua, Cameroon.

4. Results
4.1. Lithological mapping

As a lithological discrimination approach, mapping frequently uses remote sensing coupled with geographic information system
(GIS).

4.1.1. False colour combination (FCC)

In this study, VNIR-SWIR bands of Landsat 9 OLI data were used to generate a unique FCC image. Bands 7(2.11-2.29 ym), 4
(0.64-0.67 pm), and 3(0.53-0.59 pm) of Landsat 9 data were allocated to the RGB composite image to discriminate geological features.
The resulting FCC (7, 4, and 3) image of the research area is shown in Fig. 4. Thus, rock units contacts were differentiated (Fig. 4).
Spectrum properties of various metamorphic rocks such as schists, gneisses and quartzite can be identified. The FCC (7, 4, and 3) image
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Table 2

Landsat 9 OLI data PCs eigenvectors and eigenvalues loading results.

Heliyon 10 (2024) e23334

Eigenvectors Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Eigenvalues Variance (%)
PC1 0.13 0.14 0.23 0.37 0.70 0.53 3190930.89 86.54

PC2 0.01 0.08 0.17 0.74 0.02 —0.65 412165.69 11.18

PC3 0.32 0.31 0.42 0.22 —0.66 0.38 60690.73 1.65

PC4 0.35 0.27 0.56 —0.51 0.27 —0.39 18822.39 0.51

PC5 —0.86 0.08 0.50 —0.06 —0.04 0.06 3033.4 0.08

PCo6 0.16 —0.89 0.41 0.04 —0.04 0.04 1644.64 0.04
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Fig. 6. PCA (PC1, 2, 3) combination images of Landsat 9 OLI data targeting rock formations in Bibemi area.
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Fig. 7. Band ratios images of Landsat 9 OLI data targeting alterations minerals related to gold mineralization and vegetated zones in Bibemi area:
(a) BR 4/2 mapping iron-oxide; (b) BR 5/6 targeting unaltered rocks and silicate or ferrous minerals; (c) BR 6/7 illustrating OH-bearing and
carbonate minerals; (d) NDVI; (e) iron rich mineral index; and (f) RGB combination of BRs (4/2, 5/4, and 6/7) for hydrothermal alteration mineral
mapping. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

depicts the schist units as dark brown to brown and purple colours, the variety of gneisses display cyan, green, and red tones, quartzite
show bright colour pixel and water as black pixels (Fig. 4).

4.1.2. Band ratios (BR)

Two distinct BRs composites (4/2, 6/7, 6/5 and 7/5, 5/4, 6/7) were produced to discriminate rock units and potentially alteration
zones in the study area. Depending on spectral properties of alteration minerals, these BRs were assigned to the RGB combination for
rock unit discrimination and mapping. Fig. 5a illustrate three main rock units and altered areas in the study area resulting from the
Sabin BRs combination (4/2, 6/7, and 6/5 in RGB). Hence, schist units were represented as yellow pixels, the gneiss units display blue
and green tones, and quartzite depicts purple pixels, altered areas show bright pixels (Fig. 5a). Fig. 5b is the resultant image from
Kaufman BRs combination (7/5, 5/4, and 6/7 in RGB). It depicts altered schist rocks as cyan tones, altered gneisses display blue and
red tones, and quartzite units show purple pixels (Fig. 5b). Some alteration areas depicts green pixels (Fig. 5b).
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Table 3
Landsat 9 OLI PCs data loadings of band 2, 4, 5 and 6 for Iron-oxide minerals.
Eigenvector Band2 Band4 Band5 Band6 Eigenvalues Variance % Surface
PC1 0.114739 0.192155 0.486706 0.844410 22774606.06 98.92 albedo
PC2 0.182892 0.251040 —0.856703 0.411812 169164.94 0.73 vegetation
PC3 0.502706 0.775286 0.169811 —0.342610 71692.49 0.31 vegetation
PC4 —0.837061 0.546797 —0.018487 —0.000034 7062.37 0.03 Iron-oxide
Table 4
Landsat 9 OLI PCs data loadings of band 2, 5, 6 and 7 for Hydroxyl minerals.
Eigenvector Band2 Band5 Band6 Band7 Eigenvalues Variance % Surface
PC1 0.099453 0.417205 0.729584 0.532688 30539027.03 98.68 albedo
PC2 0.078452 —0.752296 —0.056330 0.651708 344522.41 1.11 vegetation
PC3 0.406860 0.471997 —0.646608 0.439980 43734.76 0.14 vegetation
PC4 —0.904665 0.192900 —0.215482 0.312950 20933.37 0.07 Hydroxyl/Carbonate

4.1.3. Principal component analysis (PCA)

PCA analysis was performed on bands 2, 3, 4, 5, 6 and 7 of Landsat 9 OLI data. The PCA results (Table 2) demonstrated that PC1
exhibits the greatest percentage of the variance (86.54 %), while PC6 displays relatively minimal variance (0.04 %) due to noise in the
initial spectral bands of Landsat 9 data. Landsat 9 PCA image (PC1, 2, and 3) was effective in discriminating the various rock units of
the study area (Fig. 6), where schist units were represented by green pixels, gneisses appear with cyan and blue colours, and quartzite
units exhibit red and yellow to bright tones (Fig. 6).

4.2. Mineral mapping

4.2.1. Band ratio (BR) and false colour composite (FCC)

Mapping of alterations minerals related to gold mineralization was achieved using some BRs (4/2, 6/7, and 5/6) of Landsat 9 OLI
data depending on their laboratory spectral features. Fig. 7a illustrates Landsat 9 BR (4/2) image as red pixels, used to map iron-oxide
or hydroxide minerals. The BR 5/6 of Landsat 9 was applied to depict unaltered rocks and silicate or ferrous minerals like pyroxenes
and olivine due to their spectral signatures. Thus, this BR (5/6) image indicates the concentration of ferrous/silicate minerals as red
pixels (Fig. 7b). The Landsat 9 BR (6/7) image, used to map OH-bearing and carbonate minerals, yields results that seems to reveal clay
and carbonate minerals as red tones that are notably localized in and around the gold mineralized site, including vegetation cover
(Fig. 7c). To distinguish between alteration minerals and vegetative cover, the NDVI (Normalized Difference Vegetation Index) was
determined using the BRs (5-4)/(5 + 4) of Landsat 9 data (Fig. 7d).

Additionally, for comparison purposes iron rich mineral index [Fe-MI: (6/5) x (4/3)] and BR combinations (4/2, 5/4, and 6/7)
were used. The Fe-MI [(6/5) x (4/3)] of [42], depicts red tones (Fig. 7e). Moreover, BRs combination (4/2, 5/4, and 6/7) of Landsat 9
displays iron oxide minerals as purple to red colours, ferrous minerals as white tones, and OH-bearing minerals appear with cyan
colours (Fig. 7f).

4.2.2. Crosta-PCA (principal component analysis)

In this study, Crosta-PCA known as the selective PCA technique was performed on bands 2, 4, 5, 6 and bands 2, 5, 6, 7 respectively
to detect iron-oxide, and hydroxyl bearing/carbonate minerals due to their higher band loadings which can be utilised as an indicator
for alteration mineral deposits thus, most effective in enhancing hydrothermal alteration minerals. The PCA results (Tables 2-4)
obtained from standard and Crosta-PCA analysis of Landsat 9 data demonstrates that some PC images include key details that may be
regarded as representations of ferrous/silicate minerals, iron-oxides, hydroxyl/carbonate minerals, and vegetation.

To target ferrous/silicate minerals achieved from standard PCA analysis, Table 2 indicates that PC4 contain significant data. The
eigenvector loadings of PC4 illustrate the moderate negative contributions of b5 (—0.512294) and positive contributions of b6
(0.267166). Hence, ferrous/silicate minerals exhibit red pixels (Fig. 8a). Ferrous/silicate minerals were seen in gneiss and quartzite
units.

Table 3 displays eigenvector loadings of PC bands 2, 4, 5, and 6 for iron-oxide mineralization. PC4 illustrates positive contributions
in b4 (0.546797) and high negative contributions in b2 (—0.837061). Thus, iron-oxide mineralization were targeted in gneisses,
quartzite and some schist units as red tones (Fig. 8b).

Moreover, hydroxyl bearing and carbonate (H/C) minerals were obtained from selective or Crosta PCA analysis of Landsat 9 OLI
data (2, 5, 6, and 7) as illustrated in Table 4. Accordingly, these minerals were targeted in PC4 which demonstrates a great negative
eigenvector loading in b6 (—0.215482) and a high positive loading of b7 (0.312950). As a result, H/C mineral groups displayed green
pixels on PC4 image due to the negative loading contribution of b6. Thus, the resulted PC4 image was negated or inverted (multiplied
by —1; [13]) to obtain red pixels (Fig. 8c). H/C mineralization were spatially distributed and mapped in gneiss and quartzite rocks
(Fig. 8c). In addition, Fig. 8d illustrates an RGB combination of iron-oxides (R), hydroxyl/carbonate (G), and ferrous (B) minerals for
the study area as red, green, and blue to cyan respectively.
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Fig. 8. Crosta-PCA combination images mapping of alterations minerals related to gold mineralization in Bibemi area: (a) PC4 illustrating ferrous/
silicate minerals; (b) PC4 showing iron-oxide mineralization; (c¢) PC4 illustrating hydroxyl bearing and carbonate (H/C) minerals; and (d) RGB
combinations of iron-oxides, hydroxyl/carbonate, and ferrous minerals respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 9. (a-b) Spectral signatures of selected n-D classes (end-member spectra) and (c) SAM classification illustrating targeted alteration minerals
related to gold mineralization in Bibemi area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

4.3. Spectral angle mapper (SAM) method and accuracy assessment

To reduce the amount of unidentified pixels and avoid spectra interference with other minerals, the SAM approach was applied in
accordance with the ideal threshold angle radians (0.2). The n-Dimensional analysis approach yielded three and two end member
spectra for rock units and alteration minerals, respectively. For recognizing rock units bearing iron-oxides, hydroxyl/carbonates, and
ferrous mineral groups, some notable similarities among spectral characteristics of the n-D classes and the targeted minerals are
defined (Fig. 9a and b). Fig. 9c displays a map showing the research area’s SAM classification detailing the regional dispersion of iron
oxides, hydroxyl/carbonate, and ferrous minerals in rock units.

The confusion matrix of the output generated using the SAM classification approach is displayed in Table 5. According to several
trial experiment, the overall accuracy of the SAM approach often approached 81.88 % with Kappa coefficient of 0.67. Hence, the SAM
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Table 5

Confusion matrix of SAM classification.
Class Schist Quartzite Gneiss Goethite Hematite Total (%)
Schist 10.57 0.09 0.30 0 0.42 0.33
Quartzite 3.57 36.18 0 0.09 0 1.67
Gneiss 20.89 0 49.40 0.80 21.81 10.13
Goethite 53.24 63.73 21.93 98.42 10.89 69.91
Hematite 11.72 0 28.38 0.69 66.88 17.95
Total 100 100 100 100 100 100
Overall Accuracy (%) 81.88
Kappa Coefficient 0.67

method demonstrated to be suitable for high spatial resolution image classification in the study area.
4.4. Lineaments analysis

In this study, Landsat 9 OLI panchromatic band (band 8) was used for lineament extraction that includes both manual and
automatic extraction processed using PCI Geomatica 2015 and ArcGis software. Each lithological unit bears its lineament pattern,
according to the lineament map and density map (Fig. 10a and b). The constructed rose diagram displays three structural directions
(Fig. 10c): 1) the principal N-S direction, 2) a secondary NNE-SSW direction, and 3) an accessory ESE-WNW to SSE-NNW direction.
The density map analysis of lineaments revealed that the important lineaments are dominant as red tones in the south-western,
northern and south-eastern parts of the research area (Fig. 10b).

4.5. Fuzzy modelling

Using the most relevant alteration data maps obtained from PCA and BRs approaches, the fuzzy model was applied to generate
mineral potential maps of the study area’s attractive locations for gold mineralization (Table 6). The Landsat 9 PC4 bands (for iron-
oxides, hydroxyl/carbonate and ferrous minerals), and BR of 4/2, 6/7, and 6/5 thematic maps were chosen and merged using the fuzzy
AND operator to generate a local mineral potential map (Fig. 11d).

Fig. 11 shows the local mineral potential map of the study area. Evaluating the fuzzy membership of each alteration mineral in-
dicates that the highest favourability index (0.8-1) is found in the west-centre (iron-oxides), south-eastern (ferrous minerals) and all
(hydroxyl/carbonates) parts of the study area (Fig. 11a, b and c). The greatest value (0.9-1.0) of the favourable rating index was
related with artisanal gold mining locations, according to the results of all fuzzy maps (Fig. 11d). At the local level, the alteration areas
linked with structural contacts or quartz veins were the most promising potential locations for gold mineralization.

4.6. Outcomes of field investigation

A number of field photographs were obtained to demonstrate the position and features of the alteration areas and rock units (Fig. 12
a-d). Within a few meters of the surface, gold mineralization was found both in intrusion related mineralization areas (Fig. 12a),
gravels (Fig. 12b), altered rocks, and quartz dominant vein systems linked with iron-oxide, hydroxyl, and carbonate minerals. Quartz,
K-feldspath, tourmaline, albite, mica, and chlorite were also found in vein networks. The gold (Fig. 12c and d) is sourced from granitic
rocks (Fig. 12b). In the Bibemi region (Fig. 12a), the quartz vein was abundantly exposed. Biotite was always widespread, whereas
amphibole was usually little.

FCC, PCA and SAM were merged using GIS tools to create an updated geological map for the Bibemi area. The resulting geological
map is depicted in Fig. 13 demonstrating that the study area was primarily composed of gneiss units comprising dominant hydroxyl/
carbonate minerals, schist units containing major iron-oxide and ferrous minerals, and quartzite formations including both iron-oxides
and hydroxyl/carbonate minerals.

5. Discussion

Investigation of gold deposits is expensive using field surveys and traditional techniques, but using satellite images is easier due to
the sedimentary backdrop and host rocks of this form of gold deposit [30,37-39,55,56,64-66].

In this research, Landsat 9 OLI data from the Bibemi region were analysed and evaluated to identify high-probability areas for gold
mineralization and to update the geological map of the study area. Using BRs, PCA (standard and selective), and SAM methods [19-23,
30,35,48-50,56]1, the spatial distribution of iron-oxides, hydroxyl (clay and carbonate), and ferrous minerals linked with gold

13



S. Ousmanou et al. Heliyon 10 (2024) e23334

a 13°55'0"E 14°0'0"E 14°5'0"E b 13°55"0"E 14°0'0"E, 14°5'0"F

z
s
>
o
g

-

9°30'0"N
9°30'0"N

9°25'0"N
9°25'0"N
9°25'0"N

9°20"0"N
9°20'0"N
9°20"0"N

1355'0"E 14050 135507 E 1490'0"E 14°5'0"E

Legend ® Location * Gold side |:| Study area Legend: ® Location YW Gold side I:‘ Study area

Lineaments Lineaments

c ,_%&\ ‘

270

N/ 4
/
\\. 4
2 / .
cﬂ/ R H / N {%\
[ | Extremely anomﬁﬂﬁl@\ L
Moderately anomalous ™| 7
Slightl 1
B stightly anomalous 180 Population: 2201

[ | Background

Fig. 10. Lineament mapping of Bibemi area: (a) lineament map; (b) lineament density map; and (c) rose diagram of lineaments.

14



S. Ousmanou et al. Heliyon 10 (2024) e23334

Table 6
Fuzzy modelling parameters used for analysis.
Data Input layers Fuzzy membership type Fuzzy operator Target minerals
Landsat 9 OLI PC4 Linear AND Iron-oxide
PC4 Hydroxyl and carbonates
PC4 Ferrous
BR 4/2 Iron-oxide
BR 6/7 Hydroxyl and carbonates
BR 6/5 Ferrous

formations was mapped [30,56]. The results revealed that iron oxides are widely distributed in schist and quartzite formations. The
hydroxyl/carbonate minerals are typically found in gneissic and quartzite formations. Ferrous minerals, on the other hand, are found
in schists units. The fuzzy logic model [24,30,56,63] was used to generate potential maps of alteration minerals by integrating BRs and
PCs alteration themed layers [30]. According to the observations, the regions with the greatest value of the favourable rating index are
mostly found in the central and southern sections, as well as the north-eastern part of the research region (Fig. 11). Integrating FCC,
PCA, and SAM data using GIS-based methods yielded a revised geological/mineralization map of the research area hence, a
lithological-mineral map of the Bibemi area was created (Fig. 13). Moreover, the schist and gneiss formations at the central and
southern parts were proposed as a high-potential formation in the research region, containing iron oxides coupled with hydrox-
yl/carbonates, and ferrous mineral units that can be deemed high-potential areas for future gold research in the study region. In
addition, the relationship between lineaments, lithological units, and associated mineral deposits has been investigated in Bibemi area,
through Landsat 9 OLI data (pan-chromatic band) analysis and geological fieldwork. The processing of the pan-chromatic band (band
8) of Landsat 9 OLI using GIS and remote sensing techniques revealed lineaments that are significant for interpreting mineralization
channels within the study area. Hence, the major trends of lineaments (NNE-SSW and ESE-WNW) obtained from rose diagram
assessment (Fig. 10c) correlates with litho-structural trends identified in the field and as seen in Fig. 13 thus, serving as pathways for
mineralizing hydrothermal fluids related to gold mineralization. The identified corridors observed in Fig. 13 are potential gold-rich
zones. The second corridor (ESE-WNW) that is mineralized but not yet identified in the field could be a new target area for gold
prospecting (Fig. 13).

According to the digital image verification (SAM analysis) and fieldwork investigations, the alteration areas mapped by the Landsat
9 OLI bands have a better rate of understanding (Kappa coefficient of 0.67) and high precision (overall accuracy of 81.88 %) and
contain alteration minerals such as hematite and goethite. As a result, the mineral locations of alterations outlined in this research were
verified and dependable.

6. Conclusion

In the Bibemi region, Landsat 9 OLI data was analysed and examined for rock units and alteration minerals linked with gold
mineralization.

By using the FCC, BRs, PCA, and SAM processing methods on the Landsat 9 data, the rock units were mapped. The results of
analysing Landsat 9 data reveal important details about rock units when contrasted to the geological map of the area that can be used
to update the previous geological map for the study region.

A comprehensive global distribution of alteration mineral groups (iron oxide, hydroxyl/carbonate, and ferrous minerals) was
identified in the research region using BRs and selective PCA technique on the Landsat 9 dataset. The analyses showed that the major
rock formations have varying abundance and distribution of alteration minerals, including signs of high prospective gold exploration
areas. The high prospect areas are geographically found in the centre, southern portion and the research area’s north-eastern portion.
These high prospect areas should be considered for future thorough research and precise geological studies.
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Fig. 11. Fuzzy maps illustrating potentially mineralized zones in the study area: (a) fuzzy map of iron-oxide minerals; (b) fuzzy map of ferrous
minerals; (c) fuzzy map of hydroxyl minerals; and (d) fuzzy map of all hydrothermal alteration minerals related to gold mineralization. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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a

Fig. 12. Field pictures of gold prospective areas: (a—b) Bibemi artisanal gold mining site; (c) extracted gold using chemicals; and (d) transformed
gold into ingot. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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