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Abstract

The Baibokoum area offers significant potential for geological and mining ex-
ploration. However, the region is not well known due to insufficient studies
on mineral and rock mapping, as well as other indicators of mineralization. In
this study, we examine lithological units and potential hydrothermal alteration
zones in the Baibokoum region using remote sensing, geographic information
systems (GIS), and statistical analysis, which are essential tools for geological
exploration. Landsat 9 OLI data, combined with the main techniques used
(e.g. FCC, BR, MNF, PCA, SEM, SAM), and field observations, are used to
identify rock units and potential mineralization. Using a variety of techniques,
we were able to identify orthogneisses, granites, and basalts rich in iron oxides,
hydroxyl, and ferrous metals that could constitute potential mineral deposits
in the Baibokoum area. Statistical examination of the geochemical data indi-
cates that the Baibokoum syenites, which are calcic, alkaline-calcic, and
slightly peraluminous, demonstrate that their original magma was rich in min-
eralization for major elements and rare earth elements, Al,Os, Fe,Os;, MgO,
CaO, Na,O, MnO, P,0s, V, Cr, W, Zr, Nb, Cs, Ba, Y, Hf, Ta, Th, U, and REE.
In addition, the study of lineaments revealed three structural orientations in
the area (NE-SW, E-W, NNE-SSW, and NW-SE). This study is innovative in

DOI: 10.4236/0jg.2025.1512054 Dec. 24, 2025

1029 Open Journal of Geology


https://www.scirp.org/journal/ojg
https://doi.org/10.4236/ojg.2025.1512054
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ojg.2025.1512054
http://creativecommons.org/licenses/by/4.0/

R. G. Baissemia et al.

that it integrates and processes Landsat 9 OLI and performs statistical geo-
chemical analysis of previous data, and conducts field investigations. These
actions make it possible to identify rock units and potentially mineralized for-
mations, as well as to determine exploration targets.

Keywords

Landsat 9 OLI, Statistical Analyses, Mineralization Potential,
Baibokoum Region, Southern Chad

1. Introduction

Rocks contain a limited set of minerals defined by a distinct origin [1]. According
to [2], affected zones in plutonic rocks are regions where a dynamic mineralogical
chemical reaction occurs due to the passage of hydrothermal solutions, as well as
zones of weakness and fractures present in the bedrock. Hydrothermally affected
rocks have attracted considerable interest due to their potential economic benefits
and spectral characteristics conducive to remote sensing [1] [3]. Thus, remote
sensing and statistical analysis are effective in geological investigations, given the
need to detect positive or negative anomalies as well as spatial signals for litholog-
ical and mineral mapping [1] [4]-[8]. The lack of geological, cartographic (based
on Landsat data), and metallogenic data is the reason behind the choice of the
Baibokoum pluton. Recent studies by [9]-[11] have described the geochemistry of
magmatic and metamorphic rocks (gneiss, syenite, amphibolite, and diorite).
With this in mind, the use of satellite imagery could enable several new potential
areas to be targeted before undertaking detailed and costly exploration work in
the field [12]-[16]. These techniques have provided practical tools for describing
and recognizing geological units, structures, and rock features, which have been
combined with statistical data to locate areas of mineralization [17]-[19]. Thanks
to their high spatial, spectral, and radiometric accuracy, remote sensing instru-
ments are invaluable in the search for mineral deposits, particularly for detecting
mineral-rich regions [1] [15] [20]-[25].

Over the past three decades, a large number of researchers have exploited mul-
tispectral data from satellites [3] [14] [16] [22] [26] [27] and statistical analysis of
geochemical data [4] [6] [28] to locate mineralized areas. Across the globe, various
exploratory methods have been implemented in research aimed at mapping and
assessing the mineralization potential of granitic masses. These methods range
from conventional techniques (mineralogy, thermobarometry, geochemical map-
ping, and structural analysis) to advanced techniques such as geophysics [18] [29];
remote sensing [14] [16] [23] [27] [30], geochemical data statistics [4] [6] [8] [28]
[31].

In addition, these analysis methods include the use of false color (FCC), spectral
ratio (BR), standard and selective principal component analysis (PCA), and spec-

tral angle classifier (SAM). The use of techniques based on geographic infor-
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mation systems, such as fuzzy logic, to develop mining prospecting maps from
satellite data has proven to be an effective and accurate tool for identifying target
areas for mining exploration [12] [14] [16] [19] [32], particularly during the in-
vestigation phase.

For example, fuzzy logic has been successfully used to map and identify gold
mineralization in north-central Nigeria [16] [27]. Furthermore, according to sta-
tistical analysis of geochemical data, granitic rocks contain significant amounts of
essential metals [33] [34], including Fe, Cu, Au, Ag, Zn, Ga, and Mo, which are
commonly found in Type I granites, as well as Sn and W, which are found in Type
S granites [35]. In the modern technology sector, these metals are widely used due
to their specific characteristics in electronics, magnetism, optics, and catalysis.

In Chad, syenites or type I and S granites are widely distributed, and previous
studies conducted on these rocks in the Mayo Kebbi region to determine and map
the concentration of the aforementioned strategic metals, including, for example,
the work of [36] or [37], highlight the potential for mineralization in Sn, Fe, Zr,
Au, U, rutile, and pyrite. In eastern Chad, the work of [38] in the Goz-Béida area
has highlighted gold mineralization in quartz veins, which have a NW-SE to NE-
SW or ENE-WSW to NE-SW direction.

All these authors have adopted either traditional methods (such as field sur-
veys) or modern methods (such as geochemical data analysis). To date, no studies
have been conducted in this region or in Chad in general. As a result, the com-
bined approach of several methods used by some authors in the neighboring
country (such as [4] [24] and [28]; geospatial and statistical), which could clearly
and easily highlight the mineralization potential, has never been tested. This situ-
ation leads to a gap in the updating of the mining map. This article uses a combi-
nation of geospatial data (Landsat 9 OLI data and the Fuzzy method) and statisti-
cal analysis of geochemical data to map and evaluate the mineralization of a plu-
tonic body. The case study is the Baibokoum pluton, located in the Adamaoua-
Yadé domain in Chad.

2. Geological Setting
2.1. Pan-African Belt in Chad

Located on the border of the Adamawa-Yadé shear zone, Chad is part of the
Central Pan-African Belt (CPAB) (Figure 1(a) and Figure 1(b); [44] [49]). The
Oubanguides [50] are referred to as the CPAB, which is located north of the
Congo craton. This belt extends across Chad, Cameroon, and the Central African
Republic, continuing on to Sudan. The development of the CPAB is seen as a
point of convergence and collision between the Sdo Francisco-Congo cratons, the
West African craton (WAC) and the Sahara metacraton as defined by [44] [49]
Abdelsalam et al. (2002), Toteu et al. (2004) and [51]. In Chad, the CPAB extends
over the Baibokoum massif in the south, the Ouaddai in the east, the Tibesti massifs
in the north, the Mayo Kebbi massif in the southwest, and the Guéra massif in the

center. According to [52], the Tibesti is composed of metasediments, metavolcanics,
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Figure 1. (a) Map of Africa showing the different orogens, craton and central African mobile zone (after [39] [40]; (b) Geological
map of Central Africa (after [41]-[48
(SZ—Shear Zone; CCSZ—Central Cameroon shear zone; MNSZ—Mayo Nolti shear zone; SSZ—Sanaga shear zone; MBSZ—M’Béré
shear zone; BOSZ—Bozoum-Ndélé shear zone; TBF—Tcholliré Banyo fault; CAR—Central African Republic; R. Congo—Republic
of Congo; D.R. Congo—Democratic Republic of the Congo.

]) showing the main litho-tectonic units and domains of the Central African Orogenic Belt

and a variety of amphibolites, with local occurrences of migmatites in enclaves
and lenses within gneisses and granitoids. The Tibesti massif has been dated to
between 1250 and 820 million years old using Rb-Sr techniques on whole rocks,
as mentioned by [53] and [54]. The Ouaddai massif consists of metasedimentary
series crossed by huge peraluminous leucogranitic batholiths and small plutons of
pyroxene monzonite, hornblende monzogabbro, and biotite granite, giving rise to
a strongly potassic to shoshonitic calc-alkaline series [55]-[57]. U-Pb dating on
zircon has determined that the age of the peraluminous granites is 635 + 3 Ma
[57] for biotite leucogranites, while it is 613 + 8 Ma for muscovite and garnet leu-
cogranites [57]. The age of the metaluminous, calc-alkaline, and strongly potas-
sium-rich to shoshonitic series has been given as 540 + 5 Ma in biotite granites, as
shown by [57]-[60] in their studies on the U-Pb of zircons. The Baibokoum mas-

sif, which extends to the southern border of Chad and continues into the Central
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African Republic and Cameroon, represents an extension of the Adamwa-Yadé
territory. The Baibokoum massif, which extends along the southern border of
Chad and continues into the Central African Republic and Cameroon, represents
an extension of the Adamwa-Yadé territory. The Baibokoum massif has been little
explored, with only general aspects having been identified in the research of
Jérémie and [9]-[11] [58] [61]-[64]). Several rocks in the massif date from the Ne-
oproterozoic, including syenites (654 Ma, determined by the K-Ar method on
whole rock), as well as granites and a syenite (632 and 568 Ma, established by K-
Ar and Rb-Sr on whole rock [65] [58]). The Mayo-Kébbi Massif is a structure
extending in a northeast-southwest direction between the extensions of the
Tcholliré faults in Chad. It is distinguished by its juvenile Neoproterozoic crust
[66]-[69]. This region represents a magmatic arc zone that formed between 800
Ma and 550 Ma following successive collisions with the Central Cameroon and
North Cameroon domains, respectively [66]-[68]. It encompasses the greenstone
belt, the batholith, and post-tectonic intrusions [36] [55] [66]-[68] [70]. The
Guéra massif, which has around ten charnockitic formations ranging from noritic
to granitic in composition, with a predominance of syenite [71] [72], as well as
small massifs with gabbroic and granodioritic compositions, often oriented and
present as enclaves in heterogeneous granite, could be evidence of the oldest rocks
in the Massif Central [71] [73].

2.2. Geology of the Baibokoum Region

Baibokoum is located in the Adamawa-Yadé zone, also known as the Central
Cameroon Shear Zone or the Adamawa Shear Zone ([74]; Figure 1(b)). Vast areas
of Paleoproterozoic metasedimentary rocks and orthogneisses ([44] [75]) outcrop
in the Yadé massif. Based on Sm-Nd model ages and inherited zircon ages, [44]
proposed that the metasediments and orthogneisses of the Adamawa-Yadé terri-
tory show significant influence from the Archean crust, comparable to that of the
Congo craton [48]. Initial geological work carried out by [9]-[11] [65] [66] iden-
tified the following in the Baibokoum area: (i) syenites; (ii) monzonites; (iii) horn-

blende-biotite orthogneisses; (iv) biotite gneisses and syenodiorites (Figure 2).

3. Materials and Methods
3.1. Data and Pre-Processing

In this study, the equipment and methods used and monitored in the Baibokoum
area are illustrated in the following flow chart (Figure 3). Landsat 9 OLI bands
(LC09_L1TP_183055_20250218_20250218_02_T1) obtained on February 18,
2025, and downloaded from USGS site web (https://doi.org/10.5066/P975CC9B),
cloud cover 0.21. Geodetic parameters (Map projection = “utm”, datum =
“wgs84”, ellipsoid = “wgs84”, utm zone = 33). Landsat 9 OLI data consist of a
collection of nine bands (bands 1-9) and two TIR (thermal infrared) bands (bands
10-11). In this work, the Landsat 9 OLI bands visible and near infrared (VNIR),
shortwave infrared (SWIR) and panchromatic (b8) bands were used. Principal
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component analysis (PCA) was applied to the spectral bands of Landsat-9 data to

highlight the exposed rock units of the study area using petrography.

Envi 5.3 software was used to apply radiometric correction to Landsat 9 OLI
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bands. Radiometric calibrations and fast atmospheric corrections (QUAC) were
applied to the Landsat 9 VNIR-SWIR bands for high-precision detection. Indeed,
QUAC performs atmospheric correction better than other methods such as Fast
Line-of-sight Atmospheric Analysis of Spectral Hypercube (FLAASH), generally
producing a reflectance spectrum that is between 10% and 15% of the ground
truth [76]. In addition, lineaments were extracted using PCI software version 9.1
with two different datasets, namely the high-resolution digital model. The rosette
and lineament statistics were obtained from RockWorks software and finally the
layout was done with ArcGIS 10.8 software. field campaigns collected samples on
different lithological types and in the laboratory thin section making and descrip-

tion were carried out.

3.2. Geochemical Data and Statistical Analysis

The geochemical data (major elements, trace elements, and rare earth elements)
used in this study were obtained from [9] and analyzed for whole rock chemistry
at the laboratories of ALS Chemex South Africa (Pty), Ltd. in Johannesburg, South
Africa. Major element analysis was performed by inductively coupled plasma
atomic emission spectrometry (ICP-AES); 0.2 g of rock powder was fused with 1.5
g of LiBO2 and then dissolved in 100 mm of 35% HNO3. Trace and rare earth
element content was determined by ICP-MS from pastes after dissolving 0.25 g of
rock powder using four acid digests. Analytical precisions range from 0.1% to
0.02% for major elements, 0.01 to 0.5 ppm for trace elements, and 0.01 to 5 ppm
for rare earth elements.

These geochemical data were plotted on discrimination diagrams to determine
the productivity of each sample in certain strategic metals, as is generally recom-
mended in granitoid metallogeny [35] [77]-[79]. In addition, the geochemical data
were statistically processed using the GeoChemical Data toolkit (GCDKit.6.0;
[80]) supported by R.3.6.0 software (for Windows) to identify positive or negative
anomalies in the data. The normal distribution of the selected metals was tested
using histograms and box plots in accordance with [81]. In the box plots, the bold
line in the middle of the boxes is the median or 50" percentile, and is given such
that Q2 = 50%. The first quartile Q1 and third quartile Q3 (25%) and (75%) are
the lower percentile and upper percentile, respectively. However, the difference
between Q1 and Q3 is known as the interquartile range (IQR), where IQR indi-
cates the extreme values calculated from a window of 1.5 * IQR. The statistical
threshold for element concentration was calculated using the following formula:
Threshold = Q3 + 1.5 * (IQR) for the upper threshold [81]), with IQR = Q3 — Q1.
Values above or below the threshold are outliers and represent positive and neg-

ative anomalies, respectively.

4. Results

A combination of image processing techniques was applied to Landsat 9 OLI data

to enhance lithological and mineralogical mapping in a Precambrian terrain. Each
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method provided unique insights into the spectral behaviour of surface materials,

contributing to a more reliable geological interpretation.

4.1. False Colour Composite (FCC)

FCCs using combinations like (Band 7, 5, 3) visually enhanced differences be-
tween vegetation, soil, and rock types. Igneous terrains (syenites) appeared in light
pink tones, while metamorphic (gneiss) and sedimentary (shale) rock units
showed green and white hues respectively (Figure 4). Also, the study area river
display blue hues. FCCs offered a qualitative but quick overview for initial litho-

logical discrimination (Figure 4).
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Figure 4. FCC of Baibokoum area.

4.2. Principal Component Analysis (PCA)

PC1 and PC2 accounted for broad lithological variation. PC3 isolated specific
spectral anomalies linked to mineralized zones. PCA maps (Figure 5) revealed
rock units as syenites (in cyan tone), gneisses (in orange tone), and shales (in yel-
low tone) and contacts not easily detected in raw bands or FCCs.

According to Table 1 analysis of the eigenvector and eigenvalue loadings de-
rived from PCA analysis of the Landsat 9 OLI bands (B2, 3, 4, 5, 6, and 7), PCI,
PC2 and PC3 comprises a satisfactory loading from each of the 06 PC bands and
makes up 92.86%, 5.94% and 0.84% respectively of the total data. It is therefore

perfect for focusing on geological formations.

4.3. Minimum Noise Fraction (MNF)

The detection of rock types and alteration regions was done using the MNF1, 2,
and 3 of OLI bands that were derived using MNF analysis. Syenites are identified

as yellow to light-green hues, gneisses as pink, and shale as blue coloration in the
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resulting MNF pictures, which have been subjected to an RGB composite analysis

(Figure 6).
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Table 1. PC values of OLI bands 2, 3, 4, 5, 6 and 7.

Eigenvector Band2 Band 3 Band4 Band5 Band 6 Band7 Eigenvalue Vari/zmce
PC1 -0.783 0.125 0.594 -0.078 -0.064 0.088 6,866,890.55 92.86
PC2 -0.047 0.936 -0.289 —-0.022 -0.190 0.036 439,060.8 5.94
PC3 -0.333 0.044 -0.251 0.618 0.537 -0.392 62,266.55 0.84
PC4 -0.502 -0.256 -0.679 —0.467 —0.045 0.034 24,774.32 0.34
PC5 0.146 0.191 0.191 -0.626 0.613 -0.371 1354.07 0.02
PCe6 0.014 0.062 -0.055 0.041 0.542 0.835 608.33 0.01

According to Table 2 analysis of the eigenvectors and eigenvalues loadings de-
rived from MNF analysis of the Landsat 9 OLI bands (B1, 2, 3, 4, 5, 6, and 7),
MNF1, MNF2 and MNF3 comprises a satisfactory loading from each of the 07
MNF bands and makes up 12.89%, 9.08% and 6.12% respectively of the total data.

It is therefore perfect for focusing on geological formations.

4.4. Band Ratios (BR)

Band ratios such as (4/2), (6/7), and (6/5) were particularly useful for: Highlight-
ing the study area lithological units (syenites, gneisses and shales), iron oxide
(e.g., hematite/goethite, Figure 7(a)), ferrous (Figure 7(b)), clay minerals (Figure
7(c)) and hydrothermal alteration zones (Figure 7(d)). Syenites display purple
tones, shales exhibit pink tones while gneisses are distinguished by light green
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Figure 6. MNF map of Baibokoum.

Table 2. MNF values of OLI bands 1, 2, 3,4, 5,6 and 7.

Eigenvector Band1 Band2 Band3 Band4 Band5 Band 6 Band?7 Eige(;)v)alue
MNF1 -1.00 0.00 0.00 0.00 0.00 0.00 0.00 12.89
MNEF2 -0.00 -1.00 0.00 -0.00 0.00 -0.00 -0.00 9.08
MNE3 0.00 0.00 1.00 0.00 0.00 -0.00 0.00 6.12
MNF4 0.00 -0.00 -0.00 1.00 0.00 -0.00 0.00 4.73
MNF5 -0.00 -0.00 0.00 0.00 -1.00 -0.00 -0.00 3.61
MNF6 -0.00 0.00 -0.00 -0.00 0.00 -1.00 -0.00 1.92
MNEF7 -0.00  0.00 0.00 0.00 0.00 0.00 -1.00 1.41

and yellow (Figure 7(d)).

4.5. Constrained Energy Minimization (CEM)

We used the USGS laboratory mineral spectra’s (biotite, chlorite, goethite, hema-
tite, illite, ilmenite, kaolinite, magnetite, pyrite and rutile) to run the CEM algo-
rithm on 753 OLI band because of their spectral properties (Figure 8). Hence, the

minerals in the study area shows up several tones (Figure 8).

4.6. Spectral Angle Mapper (SAM)

Using endmembers extracted from known mineral spectra (e.g., USGS library;
Figure 9(a)), SAM accurately identified rocks such as syenite, shale and gneiss
(Figure 9(b)) based on a fixed threshold (ie. angle radian = 0.1). The syenitic,
gneissic and shale rocks exhibit green, red and light-blue pixels (Figure 9(b)).
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Therefore, following multiple tests, the accuracy evaluation findings (Table
3) of the SAM classification utilizing the confusion matrix methodology showed

that the classification method overall accuracy is 100% with a Kappa coefficient
of 1.00.

4.7.Lineament Analysis

Figure 10(a) and Figure 10(b), which reveal that each rock unit retains its lineament
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Table 3. Confusion matrix values.

Production User Accuracy

Class Shale Diorite  Syenite Total Accuracy (%) %)
Shale 100 0 0 25.44 100 100
Diorite 0 100 0 22.97 100 100
Syenite 0 0 100 51.58 100 100
Total (%) 100 100 100 100
OA (%) 100
Kappa 1.00
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Figure 10. Lineament map of Baibokoum area with rose diagram.

trend according to the created lineament map (Figure 10(a)), are the findings of
lineament studies (manual and automated extraction) within the Baibokoum area
by processing band 8 (panchromatic band) of Landsat 9 OLI data. Two primary
trends were discovered by the rose diagram of the lineaments: a NE-SW trend and
E-W trend. Additionally, an extra NNE-SSW trend is noted (Figure 10(b)).

5. The Baibokoum Pluton and Petrography

The Baibokoum region is located between the Adamawa-Yade domain [44] and
the Tcholliré-Banyo shear zone ([45]; Figure 1(b) and Figure 2), at longitudes
15°60'E-15°80'E and latitudes 7°60'N -7°80'N. The Baibokoum pluton rests on sy-
enites, Panafrican granitoids intruded into the orthogneiss basement ([9]-[11],
Figure 2). In the area south and west of the study zone (Figure 11), the or-
thogneiss occurs in sheets and has a grano-porphyroblastic texture. It is striated
and dark gray in color, with light quartzo-feldspathic bands alternating with
darker biotite-hornblende bands (Figure 11(a)). In the rocks, apatite, titanite, and
opaques occur as accessory minerals (Figure 11(b)). However, in the study area,
coarse- and medium-grained syenites outcrop in the form of slabs or bowls, some
of which are crossed by pegmatite veins containing magnetite and tourmaline
(Figures 11(c)-(e)) and exhibit a heterogeneous granular texture. The main min-
erals are K feldspars, plagioclase, biotite, and amphibole. Accessory phases include
apatite and zircon (Figures 11(d)-(f)).

6. Classification of Mineral Potential

The concentration of selected elements of metallogenic interest, such as AL O;,
Fe;0s5, MgO, CaO, Na,0s, MnO, P,0s, V, Cr, W, Zr, Nb, Cs, Ba, Y, Hf, Ta, Th, U,
and REE, was compared to their Clarke values (Table 4). In the Fe,Os/FeO vs.
FeOt diagram by [82], the syenites, microsyenodiorites, and syenodiorites of
Baibokoum occupy the “reduced” domain, which indicates that they belong to the
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Figure 11. Photographs and microphotographs of gneisses and syenites from the study area (a) gneiss outcrop; (b) micrographs
(under crossed polarized light) of gneisses; (c) a sample of syenite exhibiting a gold nugget and oxides; (d) a pegmatite vein contain-
ing tourmaline; (e) (f) microphotograph of syenite showing amphibole, plagioclase, oxides, and biotite.

ilmenite series and are therefore ilmenite syenites (Figure 12(a)). The Rb vs. K20
diagram by [83] shows that the syenites of Baibokoum belong to the non-special-
ized syenites, suggesting that they are generally sterile (Figure 12(b)).
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Figure 12. Metallogenic potential of the plutonic rocks of Baibokoum: (a) Fe:Os/FeO vs. FeOt diagram by [82]; (b) Rb vs. K20
diagram by [83].

The syenites of Baibokoum show significant concentrations of certain REEs (Ce
=204, Pr = 27.3, Nd = 104, Yb = 3.57, Er = 3.74, Dy = 5.57, Gd = 10.15 ppm).
These syenites show an increase in their XREE and their (La/Lu)N ratios (Figure
13(a)), reflecting a process of normal magmatic differentiation. The variation in
rare earth content in the magmatic rocks of Baibokoum is similar to the variation
in rare earth concentrations in syenitic rocks solidifying through normal mag-
matic differentiation without magmatic fluid (Figure 13(a)). LREE concentra-
tions increase from the first to the last episodes of magmatic formation in
Baibokoum. This characteristic trend can be explained by certain processes [84]:
(i) one possibility is the crystallization and accumulation of LREE-rich minerals
such as allanite, apatite, and monazite from residual magma in the early stages of
the formation of the Baibokoum syenites.

REE concentrations increase in syenites and vary from 109.49 to 524.02 ppm,
because REEs very often concentrate in the magmatic fluid as incompatible ele-
ments during the fractional crystallization process. A negative correlation be-
tween SiO, and XHREE contents in the analyzed syenites (Figure 13(b)) suggests
that HREE are depleted by magma fractionation. The Baibokoum syenites are
slightly depleted in HREE (XHREE = 10.16 - 22 ppm) compared to the HREE-
enriched syenites of the REE deposits in SW Japan (EHREE = 10 - 100 ppm; [85]
Ishihara and Murakami, 2006) and in southern China (XHREE = 38 - 79 ppm;
(86]).

The negative correlation observed between SiO, content and XLREE in the
Baibokoum syenites shows that LREE content is relatively high between 54% and
66% SiO, (Figure 13(c)). Since LREE very often represent the majority of REE
concentrations, the XLREE (Figure 13(c)) and XREE (Figure 13(d)) diagrams as
a function of SiO, content show a similar distribution pattern for the samples. This
result suggests that REE-rich minerals crystallized early in the highly fractionated

magma.
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The REE concentrations in Baibokoum syenites, ranging from 109.49 ppm to
524.02 ppm, are significantly higher than those found in syenitic rocks in Laos (35
- 339 ppm; [87] and syenites in ion-adsorption-type REE deposits (130 - 350 ppm:
[86] [88]. Although syenitic rocks in ion-adsorption-type REE deposits are dis-
tinctly depleted in HREE (LREE/HREE = 5.97 - 23.54) compared to other REE
deposits, the others are enriched in LREE (LREE/HREE = 6.7 - 18.7) as reported
by [89] and [88]. All Baibokoum syenites are depleted in HREE and enriched in
LREE, showing mostly high LREE/HREE ratios ranging from 5.97 to 23.54
(mostly > 10).

7. Analysis of Histograms and Box Plots

Geochemical anomalies are detected by establishing thresholds, which define the
upper and lower limits of normal fluctuation for a specific set of data. Data within
the threshold range are considered normal, while those that exceed or fall below
these thresholds are perceived as anomalies. The bars on the left side of the histo-
gram (Figure 14) illustrate samples with a maximum concentration of a certain
trace metal that is closer to or above the upper limit, thus indicating positive anom-

alies within the sample population. Bar charts often illustrate an asymmetrical
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Figure 14. Histograms showing the distribution of mineralization indices in syenites and microsyenodiorites in the study area.
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distribution of mineral components in rocks (Figure 14). However, the majority
of samples have multiple data points, visible through the marked spacing between
the histogram bars (concentration in two populations), a common phenomenon
in the distribution of geochemical data [90] [91].

Several data distributions indicate fractional crystallization or magmatic fluid,
a change in composition, and the influence of hydrothermal alteration [90] [91].

The box plots are represented on the left, while outliers are found on the right,
indicating that the concentrations of these respective elements/metals in syenites
and microsyenodiorites are low and clustered around the lower percentile (Figure
15). Based on the calculated threshold, the concentrations of elements in the sam-

ples (Table 4) show anomalies in certain elements/metals according to the threshold

Table 4. Statistics for element concentrations (in ppm) in plutonic rocks in the study area.
Crustal values are from [92]. *[93].

Element Sample Mean Min 25% 50% 75% Max Threshold Al::: :csitaice
Al O3 24 14.66 12.23 1390 14.45 14.80 19.94 16.16 15.40
CaO 24 4.19 249 352 403 457 8.12 6.15 5.60
MgO 24 3.68 152 3.02 336 3.72 8.46 4.78 3.80
Na.O 24 4.14 238 394 410 430 5.65 4.84 3.30
MnO 24 0.09 0.04 0.08 0.09 0.10 0.20 0.14 0.10
P20Os 24 0.72 023 062 071 0.81 1.14 1.08 0.13*

Cr 24 204 23 166 197 228 545 321 126
Cs 24 2.8 0.18 0.9 1.72 412 11.1 8.95 34
Ba 24 3280 587 2815 3500 3700 5280 5027.5 584
Ce 24 165.2 46.8 155.8 169.5 183.5 234 225.05 60
Pr 24 18.89 6.1 17.79 19.1 21.05 27.3 25.94 6.7
Nd 24 70.2 256 66.6 70.2 79 104 97.6 27
Sm 24 11.84 5.24 10.87 12.05 13.16 17.15 16.595 5.3
Eu 24 2.78 1.4 252 277 3.01 4.04 3.745 1.3
Er 24 1.97 1.54 174 186 2.17 3.05 2.815 2.1
Tm 24 0.27 0.2 0.24 027 029 042 0.365 0.3
Yb 24 1.6 1.3 143 157 1.69 248 2.08 2
Lu 24 0.27 0.2 0.23  0.26 0.3 042 0.405 0.35
Hf 24 10.07 336 823 932 1144 1855 16.255 4.9
Ta 24 1 0.3 0.6 0.8 1.2 2.8 2.1 1.1
w 22 2.1 0.8 1.3 1.7 2.1 10.5 3.3 1
Th 24 7.95 0.75 3.1 5.33 10.52 275 21.65 8.5
U 24 1.71 0.21 086 1.38 2.12 5.32 4.01 1.7
REE 24 371.03 125.77 348.58 377.15 413.76 524.02 511.53 144.3
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Figure 15. Box plots of the variation in the concentration of metals/useful elements in samples of syenites and microsyenodiorites.
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calculated for each of them, compared to the maximum concentrations analyzed.
According to the statistical table, the syenites and microsyenodiorites in the study
area show enrichment in AL,Os, Fe,0;, MgO, CaO, Na,O, MnO, P,0s, V, Cr, W,
Zr, Nb, Cs, Ba, Y, Hf, Ta, Th, U, and REE, resulting in the formation of positive
geochemical anomalies in these elements (Figure 15). Furthermore, concentra-
tions of TiO,, K,O, Sr, and HREE are lower than their respective thresholds and
would indicate depletion resulting in the formation of negative geochemical
anomalies in these elements in the syenites and microsyenodiorites of the study
area (Figure 15). In general, the results of the statistical analysis show eight (08)
mineralization indices in the study area, namely: (i) ALOs;-MnO-V-Cr in microsy-
enodiorite; (ii) Fe;03-CaO in microsyenodiorite; (iii) Y in syenodiorite; (iv) MgO
in microsyenodiorite, medium-grained syenite, and coarse-grained syenite; (v)
Na;O in microsyenodiorite and coarse-grained syenite; (vi) P,Os-W-Ba-REE in
coarse-grained syenite; (vii) Cs in medium-grained syenite; (viii) Zr-Nb-Hf-Ta-

Th-U in medium-grained syenite and coarse-grained syenite.

8. Discussion

8.1. Contribution of Geospatial Data and Field Observations

The ability to map lithology and minerals was greatly improved by integrating
FCC, PCA, MNF, BR, CEM, and SAM using Landsat 9 OLI data. PCA and MNF
offered dimensional reduction and noise suppression, which improved feature ex-
traction, while FCC and BR offered visual and semi-quantitative improvements.
Accurate mineral identification and supervised lithological and mineral classifi-
cation were made possible by SAM and CEM respectively.

[94] suggests that FCC pictures may enhance understanding of lithological
units and hydrothermally altered rocks on a local or regional scale [24] [25] [35].
Furthermore, some mineral groups and minerals in changed lithologies exhibit
unique electromagnetic absorption capabilities [35] [25].

PCA reduced data redundancy by concentrating spectral variability into the
first few components [24] [25]. [95] explains that the sign and magnitude of ei-
genvectors are dictated by the spectral properties of minerals and rocks that con-
tribute to statistical variance in each PC. Table 1 shows that PC1, PC2, and PC3
have substantial eigenvector loadings for bands 7, 5, and 3.

MNF transformed the OLI data to maximize signal while minimizing noise
[25]. Helped extract subtle spectral differences within homogeneous lithologies.
MNF images were particularly effective in improving the signal for low-reflec-
tance units such as syenites and shale.

Suppressing topographic effects and enhancing subtle mineralogical differences
[24] [25]. These BR helped delineate alteration halos and weathered rock units,
aiding early mineral exploration targeting. All hydrothermal minerals display
unique spectral signatures on multi-spectral remote sensing systems, determined
by their texture and mineralogy [24] [96]. Focusing on the research area’s hydro-

thermally changed regions and rock units allowed for the discovery of alteration
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mineral deposits, such as iron oxides, ferrous, and clay minerals.

According to the USGS spectral analysis database, the analyzed minerals show
higher reflectance and absorption values than it usually does. The CEM method
used OLI bands 753 to solve common problems with adaptive beam formation in
signal processing [35] [96] [97] to detect the aforementioned minerals using the
USGS spectral library.

We used the SAM method on the FCC 753 to sort the lithological units we
found in the study area (Figure 8). We used an angle radian of 0.1 for correlation
and high exactness [25] [35] [96] [98] with a value of 100% and a Kappa coefficient
of 1.0 (Table 3). This shows that the method works well and is accurate for litho-
logical classification.

Processing the panchromatic band (B8) brought out important lineaments that
help us figure out how hydrothermal minerals move through the study area.

Using GIS tool to combine FCC, PCA, MNF, BR, CEM and SAM data led to the
creation of a synthesis geological-mineralization map of the study area (Figure
16).
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Figure 16. Baibokoum synthesis litho-mineral map.

Because of the limited surface exposures and subtle mineralogical contrasts
found in Precambrian terrains, this multi-technique approach proved particularly
effective. Better discrimination over older sensors was further supported by the

use of Landsat 9’s enhanced radiometric resolution.

8.2. Contribution of Statistical Analysis and Metallogenic
Significance

In the mineral exploration sector, attention is generally focused on positive anom-

alies, assuming that mineral-rich regions and their subsequent leaching have am-
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plified the concentration of elements beyond the usual standards of the Earth’s
crust. However, negative anomalies can also be important, particularly when they
illustrate a decrease in certain components/metals during the modification of sur-
rounding rocks that accompanies the mineralization process [7] [8] [99].

The selected elements, although they have different chemical properties, behave
similarly during fractional crystallization. According to [100], chalcopyrite is the
main element in copper ore, while zinc ore consists mainly of ferromagnetic sili-
cates. Copper deposits usually form either in volcanic arc zones above subduction
zones or in post-collisional magmatism that forms at the end of the subduction
process [101] [102]. This is the case in the Baibokoum region, which is located
within the Pan-African chain in Central Africa. In both environments, the dis-
tinction between productive and barren rocks with respect to selected major and
rare earth elements is regularly based on the overall geochemistry of the rocks [31]
[103]-[106]. According to [92], granitoids containing mineralization of the se-
lected elements have Clarke values between 0.3 and 144.3. In the samples ana-
lyzed, Clarke values range from 0.36 to 511.53.

Vegetation poses a considerable challenge for mineral remote sensing, mainly
in the visible and near-infrared range, as it camouflages the underlying rock while
introducing its own spectral signature. Precise mineral signatures (such as those
of clay alteration, which stimulates the growth of certain types of vegetation) can
only be identified indirectly. MNF and PCA methods can help distinguish be-
tween certain spectral variations related to noise and vegetation, but they cannot
eliminate them entirely. Erosion, by exposing new rocks or altered areas, can be
beneficial because it makes the surface more accessible for remote sensing [17]
[25] [32]. However, excessive erosion can complicate the detection of the initial
spectral signatures of the source rock or primary mineralization, as it has the po-
tential to reveal deeper alteration strata or amalgamate various minerals.

The orientations of the detected lineaments (E-W, NNE-SSE to NW-SE, and
NE-SW) in the studied region are due to shear zones, which are frequently per-
meable and can serve as channels for the movement of metal-laden hydrothermal
fluids [38]. It is possible that these fluids transported and deposited mineralization
along these gold, copper, or polymetallic veins. Tourmalinization, for example,
may be common along these zones, indicating high-temperature hydrothermal

processes.

9, Conclusion

The study demonstrates the integration of Landsat 9 OLI data with fieldwork, pe-
trography and structural analysis to discriminate mineral-bearing geological for-
mations. Remote sensing techniques such as RGB, PCA, BR, CEM, MNF and SAM
combinations were applied to detect significant mineral-bearing rock units. The
RGB, BR, PCA and MNF methods proved relevant and effective for the explora-
tion of rock units, while the specialized BR, CEM and LSU techniques proved

more effective and significant for the detection of iron oxide and hydroxyl miner-
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als. The SAM technique proved to be the most effective classification method for
mapping lithological units and mineral deposits. According to the field survey and
microscopic analysis, the host rocks are syenites, syenodiorites and gneisses. The
occurrence of strongly predominant lineaments (E-W, NNE-SSE to NW-SE, and
NE-SW) is considered highly potential zone for concentrating iron oxide and hy-
droxyl minerals. The results of this study demonstrated that the combined appli-
cation of digital mapping techniques to Landsat 9 data, combined with field and
laboratory analysis, provides useful geological information that can be an essential
tool and database for mineral exploration in the Baibokoum region. Statistical ge-
ochemical analysis suggests that the Baibokoum syenites are “reduced”, “non-spe-
cialized”, and have high concentrations of Al,Os, Fe;O3, MgO, CaO, Na,O3, MnO,
P,Os, V, Cr, W, Zr, Nb, Cs, Ba, Y, Hf, Ta, Th, U and REE. The summary map
indicates that the rocks show variability in terms of the abundance and distribu-
tion of metal-bearing minerals, including indications of target areas with high iron
oxide potential. The most crucial priority areas are located in the eastern, south-

ern, and northeastern sectors.
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