
INTRODUCTION

The Bou Azzer-El Graara inlier, located in the Anti-Atlas 
region of Morocco, is a geologically significant site due to 
its complex tectonic history and lithological geodiversity. 
Indeed, this area exposes well-preserved sections of oceanic 
crust and upper mantle, providing an exceptional window 
into the geodynamic and petrological processes associated 
with subduction zones and island arc environments.

The formation of Bou Azzer-El Graara is closely linked 
to the tectonic history of the West African Craton (WAC) 
and the Pan-African orogeny. During the Archean, the WAC 
underwent a series of tectonic collisions and subductions 
that shaped its current structure (Ennih and Liégeois, 2008). 
During the Pan-African orogenic phase, the convergence of 
tectonic plates led to the subduction of oceanic crust beneath 
various oceanic arcs (Black et al., 1979, 1994; Hefferan et 
al., 2000; Ennih and Liégeois, 2001; Hefferan et al., 2014), 
creating conditions favorable for partial melting, metasoma-
tism, and serpentinization of mantle peridotites (Wafik et al., 
2001a; 2001b; 2015). These processes led to the formation 
of a complex ophiolitic assemblage comprising ultramafic 
rocks, gabbros, volcanic rocks, and volcanosedimentary 
rocks.

The ultramafic rocks of Bou Azzer, representing the basal 
unit of this assemblage, are particularly remarkable (Leblanc, 
1975; Bodinier et al., 1984). They constitute a 4 to 5-kilo-
meter-thick section, separated by tectonic discontinuities and 
intruded by syn- to post-kinematic plutons (Saquaque et al. 

1989). These geological units, well described by Leblanc 
(1981), Bodinier et al. (1984), Saquaque et al. (1989), and 
earlier foundational research, provide critical insights into 
the formation conditions and dynamic geological processes 
of that era. 

Most authors describe the serpentinized massif of Ait Ah-
mane as a single green facies. However, this simplified repre-
sentation may obscure its significant geological complexity.

Remote sensing has long been recognized as an effec-
tive tool for geological cartography, particularly for the de-
tection and mapping of ophiolitic complexes and associated 
lithologies. Numerous studies conducted in regions such as 
Egypt, Pakistan, and Iran have demonstrated the capability 
of multispectral and hyperspectral satellite data to discrimi-
nate among mafic–ultramafic units, serpentinized peridotites, 
metamorphic assemblages, and tectonic mélanges due to 
their diagnostic spectral absorption features in the visible, 
near-infrared, and shortwave infrared domains (Amer et al., 
2010 ; Khaneghah and Arfania 2017; Khurram et al., 2025). 
Landsat, ASTER, Sentinel-2, and Hyperion datasets have 
been widely applied to characterize chromite-rich peridotites, 
altered harzburgites, gabbros, and metavolcanic sequences, 
enabling lithological classification, structural analysis, and 
mineralogical mapping in complex ophiolitic terrains (Ben-
tahar and Raji, 2021). These previous applications provide 
a robust scientific framework that supports the relevance of 
remote sensing techniques in similar geological settings and 
justify the use of Landsat-8 OLI data for the lithological dis-
crimination carried out in this study.
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ABSTRACT 

This study investigates the lithological and mineralogical heterogeneity of the Inguijjem-Aït Ahmane serpentinite massif (Bou Azzer ophiolite, Morocco) 
using an integrated approach combining field-based petrology and advanced remote sensing. Previously regarded as a homogeneous unit, the massif exhibits 
significant lithological complexity. Initially, a detailed mineralogical characterization was performed using optical microscopy, X-ray diffraction (XRPD), and 
micro-Raman spectroscopy to identify and validate the specific serpentinite facies (meta-dunites, meta-harzburgites, meta-wehrlites, and meta-pyroxenites). 
These ground-truth data were subsequently used to train a supervised classification model based on the Support Vector Machine (SVM) algorithm, applied to 
Landsat OLI-8 imagery enhanced by Principal Component Analysis (PCA), Minimum Noise Fraction (MNF), and Independent Component Analysis (ICA). 
The SVM classification successfully discriminated the lithological units, revealing that meta-dunite is the dominant facies, while meta-harzburgites are con-
centrated in the western sector. The reliability of the mapping was confirmed by a high Overall Accuracy of 97.54 % and a Kappa coefficient of 0.96, demon-
strating the robustness of the model. The study highlights that despite intense serpentinization, the observed spectral heterogeneity reflects primary lithological 
variations rather than secondary alteration patterns. These findings underscore the effectiveness of coupling detailed mineralogical analysis with machine-
learning techniques for mapping complex ophiolitic terrains.
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Although the Bou Azzer-El Graara inlier is a key area 
for understanding Pan-African suture zones, the internal 
lithological architecture of the serpentinized massifs remains 
poorly constrained. A major scientific challenge lies in the 
difficulty of discriminating between varying ultramafic proto-
liths (e.g., dunite vs. harzburgite and wehrlite) that have been 
obscured by intense serpentinization and surface alteration. 
Consequently, existing geological maps often ascribe the var-
ious lithotypes  to the generic ‘serpentinite’ units, masking 
the true mantle heterogeneity.

Therefore, this study addresses a twofold purpose: (1) To 
overcome the spectral similarity of these facies by integrating 
advanced machine learning (SVM) with rigorous field miner-
alogy (Raman/XRPD); and (2) To produce a high-resolution 
lithological map that reveals the internal structure of the In-
guijjem-Aït Ahmane massif. Unraveling this heterogeneity is 
crucial not only for targeting Co-Ni-mineralization but also 
for reconstructing the geodynamic evolution of the ophiolitic 
sequence.

STUDY AREA

The Bou Azzer-El Graara inlier is located in the south-
eastern part of the central Anti-Atlas, on the northern edge 

of the WAC (Fig. 1a). This inlier, oriented WNW-ESE, cor-
responds to a Variscan antiform megastructure. It extends ap-
proximately 65 km along both sides of the major Anti-Atlas 
fault (AAMF) (Fig. 1b). The ophiolitic rocks of this inlier 
cover an area of 15 km long and 4 km wide. They are com-
posed of serpentinized peridotites, intersected by a network 
of basic and ultrabasic dykes, cumulates, gabbros, micro-
gabbros, spilite basalts, and diabases, as well as a volcano-
sedimentary complex (Leblanc 1975, 1981). The presence of 
one of the world’s eldest ophiolites, namely the Pan-African 
suture zone marked by the AAMF, as well as its significant 
metallogenic richness, have made this region a key site for 
understanding the geological history. It has been the subject 
of numerous studies and debates focusing on both lithostrati-
graphic and geodynamic aspects (Leblanc, 1975; Saquaque et 
al., 1989; Hefferan et al., 2000; Thomas et al., 2002; El Hadi 
et al., 2010).

The Bou Azzer ophiolitic sequence, located at the core 
of the Bou Azzer-El Graara anticline, is mainly composed 
of serpentinized harzburgites and dunites, representing in 
volume about 70% of the sequence (Leblanc, 1975, 1981). 
This sequence is bordered by bands of ultramafic and mafic 
metacumulates, including pyroxenites, chromite pods, and 
foliated and isotropic metagabbros, as well as remnants of 
basalts forming the dyke complex and pillow lavas. The geo-

Fig. 1 - a) Location of the Anti-Atlas range at the boundary of the West African craton (WAC); b) Simplified geological map of the Anti-Atlas showing the 
location of the study area (modified after Gasquet et al., 2008, and Soulaimani et al., 2018); c) Simplified geological map of the Bou-Azzer El Graara inlier 
(modified after Leblanc, 1981, and Wafik et al., 2025a).
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chemical signatures of the basalts indicate an affinity with a 
supra-subduction zone, suggesting formation in a back-arc or 
fore-arc extension basin (Bodinier et al., 1984; Naidoo et al., 
1991).

The Bou Azzer serpentinites form a main massif that ex-
tends from Ait Ahmane to Ambed (Fig. 1c). This massif is 
offset by the NE-SW trending dextral Irhtem fault, illustrat-
ing the significant impact of regional tectonic movements. 
Besides this main massif, serpentinites also appear as small 
lenticular bodies scattered within the inlier, such as at Bou 
Azzer, Aghbar, Oumlil, Bouismas, and Tamdrost. These 
serpentine bodies extend along a northwest-southeast trend 
(Wafik et al., 2024).

The serpentinites of the ophiolitic complex exhibit a va-
riety of facies ranging from light to dark green, reflecting 
variations in their mineral composition and distinct boundar-
ies between different zones (Wafik et al., 2015). The presence 
of magnetite, chromian spinels, and sulfides, along with their 
association with talc-carbonates, indicates the transformation 
of serpentinized ultramafic rocks into silica-carbonate-rich 
rocks, a phenomenon that occurs primarily along faults and 
shear zones (Wafik et al., 2015). Serpentinization tempera-
tures are estimated between 200°C and 350°C (Klein et al., 
2013; Bonnemains et al., 2016). The intrusions of dioritic 
to granodioritic plutons, containing mafic enclaves, indicate 
magmatic activity in an intra-oceanic context, with emplace-
ment ages around 640 to 660 Ma (Inglis et al., 2005; El Hadi 
et al., 2010; Walsh et al., 2012; Blein et al., 2014).

METHODOLOGY

To study the serpentinized massifs of the Bou Azzer-El 
Graara ophiolitic complex, a multidisciplinary approach was 
adopted, combining satellite imagery, mineralogical analysis, 
and field validation. This methodology integrates large-scale 
observations with detailed in situ and laboratory analyses.

Field data
During the initial field observation, a striking chromatic 

diversity of the serpentinite lithotypes was immediately no-
ticeable. At the mesoscale, the hues vary from beige to light 

green, then to dark yellow-green and blackish (Fig. 2); such 
variations are also recognizable at the scale of the outcrop 
(Fig.  5a).

In order to analyze the different facies of the serpentinized 
massifs, three one-week field missions were conducted in the 
Bou Azzer ophiolitic complex. A total of 124 samples were 
collected from various serpentinite bands, covering a wide 
range of mineralogical compositions and tectonic contexts. 
Each sample was carefully geolocated and documented to 
ensure maximum representativeness of the geological varia-
tions in the study area (Fig. 3). 

These samples underwent a hierarchical screening pro-
cess, starting with an initial macroscopic grouping based on 
field criteria (i.e. microstructure, color, alteration) followed 
by petrographic validation using optical microscopy. From 
this screened dataset, 11 representative type-specimens cov-
ering all of the identified classes were selected for quanti-
tative X-ray powder diffraction (XRPD) and micro-Raman 
analysis. This targeted selection aimed to avoid analytical 
redundancy while ensuring a complete characterization of 
each facies. Finally, crustal units such as quartz-diorites and 
associated clastic sediments were excluded from the micro-
analytical dataset to align with the study’s primary objec-
tive of specifically discriminating among serpentinite facies, 
thereby focusing the analytical effort exclusively on the 
mantle sequence.

Mineralogical and Petrographic Investigation
A detailed study of 11 representative type specimens was 

conducted to characterize the mineralogical composition and 
to identify the microstructural features and relationships.

Thin sections were prepared from the selected rock sam-
ples and analyzed using a Leica DM750 P polarizing micro-
scope. Observations were carried out under plane-polarized 
(PPL) and cross-polarized (XPL) light using various objec-
tives (4× to 40×) to identify primary relict phases and serpen-
tinization microstructures.

For quantitative mineralogy, the samples were ground into 
a fine powder (<20 µm) using a mortar grinder. To counteract 
the preferred orientation of sheet silicates (serpentine miner-
als), the powders were mounted using the back-loading tech-
nique. This approach promotes random particle orientation,  

Fig. 2 - Different serpentinite samples were collected in the study area during in- situ campaign. Based on the color: a) beige to gray serpentinite, b) green ser-
pentinite, c) green yellow serpentinite, d) dark green serpentinite, e) dark serpentinite. 
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ensuring reliable relative intensities in the diffraction pat-
terns. Diffraction data were acquired using a Rigaku Smart 
Lab SE XRPD diffractometer, employing monochromatic Cu 
Kα1 radiation (λ = 1.5406 Å) at 40 kV and 30 mA. The in-
strument was equipped with an X’Celerator detector. Patterns 
were recorded in the 2θ range of 5° to 90°.

Semi-quantitative phase analysis was performed via the 
Rietveld refinement method using HighScore Plus software. 
The structural models used for the refinement were based 
on crystallographic information files (.cif) sourced from the 
Crystallography Open Database (COD). Weight fractions ob-
tained from Rietveld refinement were converted to volume 
percentages using mineral densities, in order to allow direct 
comparison with petrographic modal mineralogy (Delesse 
principle; e.g., Tzvetanova et al., 2020). The statistical quali-
ty of the refinements was monitored using standard reliability 
factors. While these statistical indicators represent acceptable 
mathematical fits for highly disordered phyllosilicate-rich 
assemblages, the resulting phase proportions are consid-
ered semi-quantitative due to the inherent crystallographic 
complexities of serpentinites. To unequivocally distinguish 
among the serpentine polymorphs (lizardite, antigorite, and 
chrysotile) and characterize the mineral phases observed 
via optical microscopy, in-situ Micro-Raman spectroscopy 
analyses were conducted on polished thin sections. Raman 
spectra were acquired at the Centre of Analysis and Char-
acterization (CAC) of Cadi Ayyad University (Marrakech, 
Morocco), using a confocal Horiba Jobin Yvon LabRAM 
HR Evolution spectrometer. Excitation was provided by a 
solid-state laser source with a wavelength of 532 nm, focused 
onto the sample surface through an Olympus ×50 objective 
lens. The spectral range was configured to cover both the 
lattice vibration region (100-1200 cm-1) and the diagnostic 

OH-stretching region (3600-3800 cm-1), which is critical for 
discriminating between serpentine varieties. Spectrometer 
calibration was verified daily using the characteristic silicon 
band at 520.7 cm-1. Data acquisition and processing (includ-
ing baseline correction and smoothing) were performed using 
LabSpec 6 software. 

Consequently, the differentiation of the ultrabasic lithot-
ypes was achieved through a combined approach: evaluat-
ing the relative modal proportions of serpentine polymorphs 
and relict phases from XRD and Raman spectra, systematic 
cross-validation with bulk-rock geochemical normative cal-
culations, and the analysis of characteristic pseudomorphic 
microstructures.

Satellite imagery and Satellite Data Preprocessing
This study is based on the analysis of the Landsat 8 OLI 

(Operational Land Imager) satellite image acquired on De-
cember 20, 2023, and downloaded from the United States 
Geological Survey (USGS) website (https://earthexplorer.
usgs.gov/). The main characteristics of the Landsat 8 OLI 
image are summarized in Table 1. Spectral bands (1 to 7) 
contain critical information for characterizing the mineralogi-
cal composition of rocks. Furthermore, the thermal infrared 
bands of Landsat 8 have significantly improved the accuracy 
of remote sensing in this spectral range, thereby facilitating 
lithological mapping. The image was georeferenced using 
the UTM projection system (zone 29) and dated according to 
the WGS84 model. The reported geometric accuracy, based 
on ground control points, indicates a root mean square error 
(RMSE) of 5.75 meters, ensuring high quality for lithological 
analysis.

The processing of the Landsat 8 OLI image began with 

Fig. 3 - Samples collected in the Serpentinite Massif of the Bou Azzer-El Graara Ophiolite are overlaid on Pan Sharpening Landsat 8 OLI Imager (R: Band 1, 
G: Band 2, B: Band 3), WGS 1984 UTM Zone 29N. 
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a series of preprocessing steps to ensure data quality and re-
liability. Atmospheric correction was performed to reduce 
the effects of atmospheric particles and gases, enhancing the 
spectral quality of the data. Radiometric correction was ap-
plied to adjust pixel values and account for variations caused 
by imaging conditions, ensuring consistent radiometric mea-
surements. Spatial enhancement techniques were employed 
to improve image resolution and clarify geographic details, 
as illustrated in Figure 4. These preprocessing steps were 
conducted using tools in ENVI (Environment for Visualiz-
ing Images) software, version 5.6, to guarantee accurate and 
high-quality data preparation for subsequent analysis.

Image processing
After pre-processing, the images undergo a series of pro-

cessing analyses (Fig. 4). The PCA reduces the dimensional-
ity of the data, facilitating the interpretation and classification 
of geological features (Amer et al., 2012). MNF enhances 
image quality by separating the signal from noise, allowing 
for better distinction of geological formations (Zhang et al., 
2016; Ge et al., 2018). The MNF method reduces noise and 
extracts key information from hyperspectral or multispectral 
data (Marzouki and Dridri 2023). It transforms the data into 
a new space where components are ranked according to their 
signal-to-noise ratio. The initial components contain most 
of the useful information, while the later components are 
primarily noise. ICA decomposes the data into independent 
components to identify specific spectral signatures of differ-
ent lithologies (Adiri et al., 2020). The collected field data are 
then integrated to validate and refine the geological interpre-
tation, leading to the production of a detailed and accurate 
lithological map. The images were processed using ENVI 
(Environment for Visualizing Images) software version 5.6. 

Support Vector Machine Classification (SVM)
Support Vector Machine (SVM) classification, originally 

proposed by Vapnik (1999), is based on finding an optimal 
hyperplane that separates classes in an n-dimensional fea-
ture space. This method uses a training dataset to define the 
decision boundary that maximizes the margin between data 
points from different classes. The data points closest to this 
boundary, known as support vectors, play a critical role in de-
termining the hyperplane. To handle non-linear distributions, 
data can be transformed into a higher-dimensional space us-
ing kernel functions. For pixel classification, the algorithm 
evaluates the position of each feature vector relative to the 
hyperplane, assigning each pixel to the class corresponding 
to the side of the hyperplane on which it lies. 

The classification was implemented using the ArcGIS 
Pro 3.0 software. Following the recommendations of Yang 
(2011), for remote sensing applications, we selected the Ra-
dial Basis Function (RBF) kernel, as it yields the best per-
formance for non-linearly separable geological classes. The 
model was fine-tuned with a penalty parameter set to 100, 
a value specifically chosen to minimize misclassification in 
spectrally similar lithologies, and a gamma value calculated 
as the inverse of the number of input bands.

Unlike standard spectral classifications, the input feature 
space for this study was constructed by stacking the Land-
sat OLI-8 spectral bands with the decorrelated components 
derived from PCA, MNF, and ICA. These transformed fea-
tures were selected for their high information content and low 
inter-band correlation.

Finally, to produce a homogeneous lithological map and 
reduce «salt-and-pepper» noise, a sieve filter was applied 
to the classified output using PCI Geomatica software. This 
post-processing step merged isolated pixel groups smaller 
than 100 pixels with their largest neighboring class.

Regions of Interest (ROIs) were defined based on the pre-
cise coordinates of the field samples to ensure a direct link 
between the spectral signatures and the mineralogical com-
position. Specifically, the samples characterized by XRPD 
and petrography (listed in Table 2 and detailed in Table 1S) 
served as the primary ground truth for training the SVM mod-
el. These point-data were supplemented by visual interpreta-
tion of high-resolution GeoEye imagery (Google Earth) and 
geological maps to define representative training polygons. 
This methodology ensures that the remote sensing classifica-
tion is strictly constrained by the quantitative mineralogical 
data obtained in the laboratory.

Table 1 - Characteristics of the Landsat 8 OLI image

Bands Common Name Waveleng
th (μm)

Resolution 
(m)

Band 1 Coastal aerosol 0.43 -0.45 30

Band 2 Blue 0.45 - 
0.51 30

Band 3 Green 0.53 -0.59 30
Band 4 Red 0.64 -0.67 30
Band 5 Near Infrared (NIR) 0.85 -0.88 30
Band 6 SWIR 1 1.57 -1.65 30
Band 7 SWIR 2 2.11 -2.29 30
Band 8 Panchromatic 0.50 -0.68 15
Band 9 Cirrus 1.36 -1.38 30

Band 10 Thermal Infrared 
(TIRS) 1

10.60 – 
11.19 100 * (30)

Band 11 Thermal Infrared 
(TIRS) 2

11.50 – 
12.51 100 (30)

Table 1 - Characteristics of the Landsat 8 OLI image

Table 2 - Definition of regions of interest (ROIs)  used as
input in the SVM algorithm

ROIs Pixel. No Field sample 
CoverageAre

a (m2)

Meta-D-W 12

BMAA35; 
ST1; ST2; 

BA11; JO9 ; 
SA

2,700

BMAA14 ; 
BMAA5b ;
BMAA52

BMI2 ;
I3

Q-D 15
Cls 14

- 3,375
- 3,150

Meta-D-W: Meta-dunite-Wehrlite, Meta-H: Meta-Harzburgite,
Px-Gb: Pyroxenite–Gabbro, Q-D: Quartz Diorite and Cls:
Clastic Sediments

Landsat OLI-8 image

Meta-H 35 7,875

Px-Gb 46 10,350

Table 2 - Definition of regions of interest (ROIs) used as in-
put in the SVM algorithm

Meta-D-W: Meta-dunite-Wehrlite, Meta-H: Meta-Harzburgite, Px-Gb:  
Pyroxenite–Gabbro, Q-D: Quartz Diorite and Cls: Clastic Sediments.
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Accuracy Assessment
The evaluation of classification performance was con-

ducted using validation data derived from reliable reference 
points. Various indicators were employed to analyze this 
performance, including the kappa coefficient (kc), overall ac-
curacy (OA), producer’s accuracy (PA), and user’s accuracy 
(UA) (Congalton and Green, 2019). The kappa coefficient is 
a statistical index that measures the agreement between clas-
sification results and reference values. A kappa value close to 
1 indicates strong agreement, whereas a value near 0 reflects 
weak correspondence. Overall accuracy corresponds to the 
total percentage of pixels correctly classified relative to the 
total number of pixels in the evaluated image, thus providing 
a global measure of classification quality. User’s accuracy 
represents the proportion of pixels assigned to a given class 
that actually belong to that class, highlighting commission 
errors. By contrast,  producer’s accuracy denotes the propor-
tion of pixels in a specific class that were correctly identified, 
allowing for the quantification of omission errors.

The kc, OA, PA, and UA were calculated using:

 

In this context, nii represents the number of pixels accu-
rately classified within a specific category. N denotes the total 
number of pixels in the confusion matrix, while r corresponds 
to the total number of rows. Additionally, nicol and nirow re-
fer to the total number of pixels in the column (representing 

reference data) and the row (representing predicted classes), 
respectively.

These metrics provide a detailed assessment of the reli-
ability and accuracy of the classification model, enabling the 
identification of its strengths and weaknesses in distinguish-
ing between classes.

RESULTS

Lithological Facies and Macroscopic Observations
Each variety of serpentinite appears as bands or lenticular 

bodies, juxtaposed with one another (Fig. 5a and c). This con-
figuration sometimes makes it difficult to distinguish between 
the different varieties, as they are often interpenetrated with-
out clear boundaries. The gradual transition between colors 
and textures underscores the heterogeneity and mineralogical 
complexity of the massif.

The serpentinites of the Inguijjem-Ait Ahmane massif 
exhibit a varied range of colors, with each hue revealing in-
formation about their composition and degree of alteration. 
Beige to yellow-green serpentinite (Fig. 2a and Fig. 5a, b) is 
often talcified, indicating that the serpentine has been partial-
ly or completely transformed into talc. The light green to dark 
yellow-green varieties (Fig. 2b and c) may signal less altered 
serpentinite or a distinct mineralogical composition, with a 
higher proportion of chrysotile, which tends to have a paler 
hue. The serpentinites ranging from dark yellow-green to 
blackish (Fig. 2d, e, and Fig. 5b) represent the most common 
color, generally due to the presence of serpentine minerals 
such as antigorite and lizardite. These dark hues indicate low 
hydrothermal alteration and a composition rich in iron and 
magnesium. The pyroxenite associated with the Bou Azzer 
ophiolite occurs as dark, fine- to medium-grained, massive 
lenses and layers intercalated within the ultramafic units (Fig. 
5d). They typically display a compact structure and a mineral 
assemblage dominated by pyroxene. 

Fig. 4 - Flowchart of the Main Steps for Pre-
Processing and Processing Landsat 8 OLI 
Image. 
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Mineralogical and microstructural characterization

Microscope examination of thin sections confirms the 
lithological differentiation observed in the field and high-
lights specific microstructural variations as well as mineral 
assemblages for each facies.

The dunite samples, represented by specimen BMAA35, 
are dominated by a pseudomorphic mesh texture (Fig. 6a), re-
flecting the pervasive serpentinization of the original olivine 
cumulates. The mesh rims are composed of fibrous lizard-
ite and antigorite, while the mesh cores appear isotropic or 
cryptocrystalline. Secondary talc patches that overprint the 
primary serpentine mesh (Fig. 6a), indicating a subsequent 
stage of metasomatic crystallization. 

In contrast to the ordered mesh of dunite, the wehrlite, 
represented by specimen SA, exhibits a heterogeneous, in-
terpenetrating microstructure (Fig. 6b). The matrix is largely 

composed of interlocking antigorite blades and of irregular 
patches of talc, suggesting a higher degree of recrystalliza-
tion or deformation. The primary texture is almost entirely 
obliterated, and the rock is frequently crosscut by late-stage 
veinlets filled by cross-fiber chrysotile.

The meta-harzburgite (e.g., specimen BMAA5b) is un-
equivocally distinguished by the presence of large bastite 
pseudomorphs. These tabular microstructures replace the 
primary orthopyroxene crystals while preserving the origi-
nal cleavage planes and crystal habit. The bastite aggregates 
are composed of fibrous lizardite oriented along the original 
crystallographic elements; moreover, bastite aggregates are 
embedded within a fine-grained serpentine matrix (Fig. 6c).

The pyroxenite facies (e.g., specimen BMI2) displays the 
lowest degree of serpentinization among the studied units. It 
is characterized by a granular microstructure with well-pre-
served primary magmatic minerals. Under the microscope, 

Fig. 5 - Detailed outcrop features: a) Serpentinite bands (GY: green-yellow serpentinite, Y: yellow serpentinite, G: green serpentinite, D: dark serpentinite); 
b) The boundary between two varieties of serpentinite (yellow and dark, respectively); c) One band of grayish serpentinite intercalated between two bands of 
yellow-green serpentinite;  d) Pyroxenite within serpentinite.
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large, fractured crystals of clinopyroxene and orthopyroxene 
are clearly visible, exhibiting high birefringence colors. Sec-
ondary recrystallization is restricted to grain boundaries and 
intragranular fractures, which are filled with minor amounts 
of serpentine and iron oxides, leaving the core of the pyrox-
enes intact.

Quantitative Mineralogy and Phase Identification
The X-ray diffraction patterns reveal a mineralogical evo-

lution closely linked to the degree of serpentinization and the 
initial protolith composition. Representative XRD patterns 
for the four main lithotypes are shown in Figure 7. However, 
accurate identification and quantification of these materials 
using XRD alone are inherently limited. In the specific case 
of serpentinites, Rietveld Analysis alone is insufficient to 
guarantee absolute quantification, given the major challenges 
associated with phyllosilicates: severe diffraction peak over-
lapping, the lack of an internal standard, and high structural 
disorder. Consequently, the results derived from this process-
ing (Table 1S) can only be considered semi-quantitative, pro-

viding only relative percentages of the crystalline phases. Be-
cause these mineralogical estimations form the foundation for 
our subsequent interpretations (particularly for remote sens-
ing), overcoming these analytical limitations was essential. 
It is precisely for this reason that the relative XRD data were 
systematically complemented, supported, and cross-validat-
ed by bulk-rock geochemical characterization and normative 
calculations (see Table 3 in Wafik et al., 2026, in press). Only 
this combined approach ensures the robustness and reliability 
of the quantitative mineralogy presented herein.

In the serpentinized peridotites (i.e. dunite, wehrlite and 
harzburgite), it is worth noting that the primary assemblage 
is largely replaced by serpentine polymorphs dominated by 
antigorite, which constitutes the main component of the rock 
matrix in massive meta-harzburgites (up to 63.2 vol.%) (Fig. 
6c and 7c), meta-wehrlites (~59 vol%) (Fig. 6b and 7b) and 
typical meta-dunites (Fig. 6a and 7a). Lizardite occurs as a 
subordinate mineral phase (typically 5–15 vol.%), often as-
sociated with either mesh textures and bastites, whereas the 
abundance of chrysotile is highly variable. Ranging from ~16 
vol.% in massive samples to nearly 50 vol.% in the intensely 

Fig. 6 - Photomicrographs of the studied ultramafic facies. Red dots indicate micro-Raman analysis spots. (a) Meta-dunite: Displays a typical pseudomorphic 
mesh texture with lizardite (Lz) rims and isotropic cores; secondary talc (Tlc) patches are observed. (b) Meta-wehrlite: Exhibits a complex texture dominated 
by antigorite (Atg) and talc (Tlc) with late-stage chrysotile (Clt) veins, reflecting the alteration of an olivine-clinopyroxene assemblage. (c) Meta-harzburgite: 
Characterized by large bastite (Bs) pseudomorphs after orthopyroxene embedded in a serpentinized matrix; Srp: Serpentinite (d) Meta-pyroxenite: Shows a 
granular texture with preserved primary magmatic minerals, including large crystals of clinopyroxene (Cpx) and orthopyroxene (Opx) surrounded by minor 
alteration products.
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fractured meta-dunites, the high chrysotile content correlates 
directly with the macroscopic fibrous vein networks, ob-
served at the scale of the outcrop.

A distinctive feature observed in the meta-peridotite sam-
ples is the presence of talc, as also displayed by the XRD 
patterns (Figure 7a-c); moreover, Rietveld quantification in-
dicates talc content reaching 21.6 vol% in meta-dunite (speci-
men BMAA35), confirming a significant steatitization event 
that overprints the initial serpentinization. Additionally, 
clinochlore is frequently detected (up to ~16 vol.%), particu-
larly in specimens where alumina was available (e.g., altered 
pyroxene-bearing facies), consistent with the breakdown of 
aluminous phases. Minor amounts of magnetite and brucite 
have also been quantified, reflecting the iron and magnesium 
release during the serpentinization process.

The meta-pyroxenite (Fig. 6d and 7d) is the least trans-
formed lithotype. Its diffractogram highlights the occurrence 
of clinopyroxene (i.e. diopside) and of orthopyroxene (i.e. 
hypersthene). Quantitative analysis confirms this preserva-
tion, with diopside reaching up to 59.3 vol% and hypersthene 
up to 79.4 vol% (Table 1S). In these samples, serpentine min-
erals represented by lizardite and antigorite are minor (<15 
vol.%) and likely restricted to grain boundaries and fractures. 

Finally, complementary to X-ray diffraction, Raman 
spectroscopy was employed to accurately discriminate 
among serpentine polymorphs within the investigated meta-
ultramafic rocks. Figure 8 displays the characteristic obtained 
Raman spectra. Identification relies primarily on the hydroxyl 
group stretching vibration region (3600-3800 Cm-1), which 
serves as a diagnostic fingerprint for each polymorph.

Antigorite is distinguished by a sharp, characteristic peak 
at 3668 cm-1, accompanied by a secondary peak near 3697 
cm-1. Lizardite exhibits a relatively complex profile in this 
region, with main bands located at 3684 cm-1, 3696 cm-1, and 
3704 cm1. Finally, chrysotile, where present, is dominated by 
an intense, asymmetric peak centred at 3698 cm-1.

In the low-frequency region (< 1200 cm-1), crystal lattice 
vibration modes (Si-O) further corroborate these identifica-
tions, notably with peaks observed near 230 cm-1 and 690 
cm-1 for antigorite. This analysis confirms the coexistence of 
these mineral phases within the studied meta-serpentinite as-
semblages.  

Principal Component Analysis (PCA) 
Principal Component Analysis (PCA) applied to the 

Landsat 8 OLI image revealed significant variations in the 
spectral signatures of the lithological units within the study 
area. The first three principal components (PC1, PC2, and 
PC3) captured the majority of the variance (99,54% of the 
total variance), enabling the differentiation of various serpen-
tine facies types (Table 4). 

The Ait Ahmane serpentinite massif is primarily com-

posed of Meta-Dunite and Meta-Harzburgite, visually rep-
resented by shades of light to dark green on the Landsat-8 
OLI image (Fig. 9). These two rock types constitute the main 
components of the massif, highlighting their extensive dis-
tribution throughout the area. By contrast, the gabbros and 
pyroxenites, which appear in shades ranging from light to 
dark orange, are present as bands surrounding the serpentinite 
massif or occur in even more restricted zones within the areas 
of Jbel Inguijjem and Oumaro.

Minimum Noise Fraction (MNF)
The obtained components allow for a clear distinction of 

the different lithologies. The first three components, which 
explain the majority of the variance (Table 5), contain the 
most relevant geological information. For this reason, the 
MNF1, MNF2, and MNF3 components were combined into 
an RGB composite to better visualize and differentiate the 
lithological boundaries.

The contrasts between the different types of rocks are bet-
ter defined: the meta-harzburgite appears in light green, while 
the meta-dunite is distinguished by a yellow hue, reflecting 
its dominance in the massif (Fig. 10). The areas of gabbros-
pyroxenite, represented by shades ranging from light blue to 
purple, are limited and clearly localized, making them easier 
to identify. In contrast, the meta-wehrlite does not show a 
clear contrast, making its delineation more difficult.

Independent Component Analysis (ICA)
The facies map created using Independent Component 

Analysis (ICA) provides a detailed and distinct visualization 
of the various lithological units within the Ait Ahmane ser-
pentinite massif. By utilizing spectral bands 1, 2, and 4 from 

Table 3 - Bulk-rock geochemical composition and normative calculations of the main lithotypes in the study area (Wafik et al. 2026 in press

Sample Rock
Plagioclase 
(Anorthite) Diopside Hypersthene Olivine Larnite Ilmenite Magnetite Chromite Total

BMAA35 Dunite 1.8 -  - 94.55 0.06 0.02 2.99 0.55 100

SA Wehrlite 1.07 12.06 - 83.11 0.22 0.02 2.78 0.45 100

BMAA 5b Harzburgite 1.57 - 42.08 53.27  - 0.02 2.17 0.3 100

BM I 2 Orthopyroxenite 1.51 - 79.26 15.84  - 0.02 2.46 0.29 100

Table 3 - Bulk-rock geochemical composition and normative calculations of the main lithotypes in the study area (Wafik et al. 
2026 in press)

Table 4 - PCA Eigenvalues and variance (in %) 
of the Landsat-8 OLI image

PCA bands Eigenvalues Variance %
PC1 0.2056 93.58 
PC2 0.0071 3.23 
PC3 0.006 2.73 

Table 5 - MNF Eigenvalues and variance (%) 
of the Landsat-8 OLI image

MNF bands Eigenvalues Variance %
MNF1 0.9733 62.80
MNF2 0.1902 12.27
MNF3 0.1461 9.43

Table 4 - PCA Eigenvalues and variance (in 
%) of the Landsat-8 OLI image

Table 5 - MNF Eigenvalues and variance (%) 
of the Landsat-8 OLI image
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the Landsat 8 OLI image, the contrasts between the different 
facies were enhanced. This combination of bands is particu-
larly effective because band 1 (coastal aerosol) highlights 
subtle variations in surface composition, while band 2 (blue) 
enhances the differentiation of mineralogical and textural fea-
tures. Band 4 (red) contributes to distinguishing between veg-
etation and bare soil, further improving the contrast between 
lithological units and facilitating their classification (Yang et 
al., 2024). The application of ICA allowed for the separation 
of independent spectral components, thereby improving the 
discrimination between the various facies present (Tamila-
rasan et al., 2023) (Fig. 11). Meta-dunites, characterized by 
their pale yellow to orange hue on lithological classification 
images, are the most abundant rocks in the massif. Although 
less common, meta-harzburgites are often found in associa-
tion with meta-dunites and are distinguished by their light 
green color. Additionally, the gabbros and meta-pyroxenites, 
represented by shades ranging from light blue to dark blue, 
exhibit similar characteristics to those previously mentioned.

Support Vector Machine Classification (SVM)
In this study, the identification of ROIs, used as inputs 

to classify the three satellite datasets and validate the results 
with the help of ground control points, was primarily based 
on detailed field observations with the sampling of 124 sam-
ples, and next, using mineralogical characterization. These 
analyses allowed the definition of five distinct lithological 
zones. These zones were identified in Landsat-8 OLI imag-
ery, facilitating the precise delineation of the ROIs and the 
generation of SVM maps with high accuracy. 

To further quantify the performance of the SVM classi-
fier and evaluate the relative effectiveness of the different 
band configurations, a detailed accuracy assessment was car-
ried out using the confusion matrices and standard statistical 
metrics: overall accuracy (OA), producer’s accuracy (PA), 
user’s accuracy (UA), and Kappa coefficient). The results, 
summarized in Table 6, show significant variability in clas-
sification performance depending on the spectral transforma-
tion applied.

Fig. 7- X-ray diffraction (XRPD) patterns showing the mineralogical assemblage of metamorphosed ultramafic rocks: (a) Meta-dunite (specimen BMAA35), 
(b) Meta-wehrlite (specimen SA), (c) Meta-harzburgite (specimen BMAA5b), and (d) Meta-pyroxenite (specimen BMI2). The red profile represents the ob-
served experimental data, and the blue profile corresponds to the calculated model. Vertical tick marks indicate the Bragg reflection positions of the identified 
mineralogical phases. Atg: antigorite; Lz :lizardite; Tlc : talc; Clt : chrysotile ; Clc : clinochlore; En : enstatite; Di : diopside.
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Fig. 8 - Representative Raman spectra of serpen-
tine polymorphs identified in the ultramafic rocks: 
antigorite, lizardite, and chrysotile. The locations 
of the analysis points are indicated on the thin 
section photomicrographs shown in Figure 6.

Fig. 9 - Principal Component Analysis (PC1, PC2, and PC3 as RGB) of Landsat-8 OLI image of the Ait Ahmane serpentinite massif.
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Fig. 10 - Minimum Noise Fraction (MNF) (bands 1, 2, and 3 as RGB) of Landsat 8 OLI image of the Ait Ahmane serpentine massif.

Fig. 11 - Independent Component Analysis (ICA) (bands 1, 2, and 4 as RGB) of Landsat 8 OLI image of the Ait Ahmane serpentine massif.
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 The Pan-sharpened Landsat-8 OLI dataset produced the 
highest classification performance, with an OA of 97.54% 
and a Kappa coefficient of 0.9665, indicating near-perfect 
agreement with the reference data. All classes except Meta-D 
achieved a perfect PA and UA (100%), demonstrating excel-
lent separability and minimal spectral confusion. The Meta-D 
class itself achieved a PA of 75% and a UA of 100%, rep-
resenting a substantial improvement compared to the other 
band configurations.

The PCA-derived bands yielded an OA of 92.62% and κ 
= 0.8989, confirming high performance but with increased 
misclassification within the Meta-D and Meta-H classes. 
Specifically, Meta-D showed a PA of 41.67%, reflecting pro-

nounced spectral overlap with Meta-H, which itself achieved 
a PA of 94.29%. The remaining lithological units (Cls, Px-
Gb, Q-D) reached 100% accuracy for both metrics, indicating 
their strong separability in PCA space.

Similar results were obtained for the MNF transformation 
(OA = 91.80%, κ = 0.8870). As in the PCA case, the primary 
sources of error were concentrated in the Meta-D class, which 
exhibited the lowest PA across all transformations (25%). 
Meta-H achieved very high PA (97.14%), confirming the 
systematic confusion between these two metasomatic units.

Conversely, the ICA bands showed the lowest perfor-
mance, with OA = 87.70% and κ = 0.8301. Misclassifica-
tion increased across multiple classes, particularly for Cls  

Table 6 -  Confusion Matrix, Overall Accuracy, and Kappa Coefficient for the Landsat-8 Image, Including Results
for Pan_sharpening_Oli8, PCA Bands, MNF Bands, and ICA Bands Using the SVM Classification Algorithm

Unclassified 0 0 0 0 0
Cls  14 1 0 0 0 100.00 93.33

Meta-D       0 9 0 0 0 75.00 100.00
Meta-H 0 2 35 0 0 100.00 94.59
Px-Gb 0 0 0 46 0 100.00 100.00
Q-D          0 0 0 0 15 100.00 100.00
Total 14 12 35 46 15

Unclassified 0 0 0 0 0
Cls  14 0 0 0 0 100.00 100.00

Meta-D       0 5 2 0 0 41.67        71.43
Meta-H 0 7 33 0 0 94.29        82.50
Px-Gb 0 0 0 46 0 100.00 100.00
Q-D          0 0 0 0 15 100.00 100.00
Total 14 12 35 46 15

Unclassified 0 0 0 0 0
Cls  14 0 0 0 0 100.00 100.00

Meta-D       0 3 1 0 0 25.00        75.00      
Meta-H 0 9 34 0 0 97.14        79.07      
Px-Gb 0 0 0 46 0 100.00 100.00
Q-D          0 0 0 0 15 100.00 100.00
Total 14 12 35 46 15

Unclassified 0 0 0 0 0
Cls  12 0 0 0 0 85.71 100.00

Meta-D       0 2 2 0 0 16.67 50.00      
Meta-H 0 8 33 0 0 94.29 80.49
Px-Gb 2 1 0 45 0 97.83 93.75
Q-D          0 1 0 1 15 100.00 88.24

15

K
ap

pa
 C

oe
ffi

ci
en

t =
 0

.9
7 

 

Pa
n_

Sh
ar

pe
ni

ng
_O

li8

Class       Cls  Meta-D   Meta-H

K
ap

pa
 C

oe
ffi

ci
en

t =
 0

.8
9

K
ap

pa
 C

oe
ffi

ci
en

t =
 0

.8
3

PC
A

 B
an

ds
 

O
ve

ra
ll 

A
cc

ur
ac

y 
= 

(1
13

/1
22

)  
92

.6
2%

K
ap

pa
 C

oe
ffi

ci
en

t =
 0

.9
0 

M
N

F 
Ba

nd
s

O
ve

ra
ll 

A
cc

ur
ac

y 
= 

(1
12

/1
22

) 9
1.

80
%

IC
A

 B
an

ds

O
ve

ra
ll 

A
cc

ur
ac

y 
= 

(1
07

/1
22

) 8
7.

70
%

Total 14 12 35 46

Px-Gb Q-D     
Producer’s 
Accuracy 

(%)

User’s 
Accuracy 

(%)

O
ve

ra
ll 

A
cc

ur
ac

y 
= 

(1
19

/1
22

)  
97

.5
4%

Table 6 - Confusion Matrix, Overall Accuracy, and Kappa Coefficient for the Landsat-8 Image, Including Results for Pan_
sharpening_Oli8, PCA Bands, MNF Bands, and ICA Bands Using the SVM Classification Algorithm



296	

Fig. 12 - SVM map of the Landsat-8 OLI image in the Inguijjem Ait Ahmane massif study area. a) Pan_sharpening_Oli8, b) PCA bands, c) MNF bands, and 
d) ICA bands.
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Fig. 12 (continues)
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(producer accuracy reduced to 85.71%) and Meta-D (PA 
16.67%, UA 50%), highlighting the limited discriminative 
capability of independent components for this dataset.

Quantitative analysis of the SVM classification map al-
lows for a precise assessment of the spatial distribution of the 
identified lithologies. The total classified area covers approxi-
mately 447.67 km2. The study area is widely dominated by 
the Cls unit (likely sedimentary cover or quaternary depos-
its) and the Px-Gb facies (Gabbro-Pyroxenites), which cover 
209.98 km2 (46.91%) and 175.20 km2 (39.14%) respectively. 
The Q-D (Quartz-Diorite) unit occupies an intermediate posi-
tion, extending over 44.00 km2 (9.83%).

In contrast, the ultramafic sequences appear as subordi-
nate facies within the massif. The Meta-Dunites account for 
9.41 km2 (2.10%), while the Meta-Harzburgites occupy a 
nearly equivalent area of 9.08 km2 (2.03%). This statistical 
distribution highlights that, although mineralogically distinct 
and economically significant, the serpentinized ultramafic 
bodies are spatially restricted compared to the dominant maf-
ic and sedimentary formations in this sector of the ophiolite.

Overall, the comparative analysis demonstrates that the 
Pan-sharpened OLI bands significantly outperform all other 
spectral transformations, with improvements of +4.92% (vs. 
PCA), +5.74% (vs. MNF), and +9.84% (vs. ICA) in OA, and 
corresponding increases in Kappa of +0.0676, +0.0795, and 
+0.1364, respectively. These results confirm that spatial en-
hancement of the multispectral data strongly benefits SVM 
performance, particularly for lithologically complex classes 
such as Meta-D, which show reduced confusion when using 
higher spatial resolution input.

Figure 12 presents the results and the highly accurate, re-
liable classification map of the study area using the Landsat-8 
OLI image.

DISCUSSION

Contrary to previous descriptions that simplified the In-
guijjem-Ait Ahmane massif as a homogeneous serpentinized 
body (Leblanc, 1981; Admou et al., 2013), our mineralogical 
and petrographic data reveal a complex lithological history. 
Indeed, the XRD and Raman investigation, which have been 
carried out on representative lithotypes confirm that the het-
erogeneity observed is not random since it stems from dis-
tinct protoliths (dunite vs. harzburgite vs. pyroxenite) that 
underwent various degrees of serpentinization.

The identification of specific serpentine polymorphs of-
fers critical insights into the thermodynamic evolution of the 
complex. We identified the coexistence of lizardite/chrysotile 
and antigorite. While lizardite and chrysotile typically form 
during low-temperature ocean-floor hydration (<300°C) or 
retrograde metamorphic events, the presence of antigorite in-
dicates a transition to higher-grade metamorphic conditions. 
This suggests that the massif did not simply undergo static al-
teration but experienced a polyphase evolution, likely involv-
ing an initial oceanic serpentinization followed by another 
metamorphic event or tectonic emplacement that favored the 
stability of antigorite.

The WNW-ESE orientation of the facies bands suggests 
a strong structural control over these metamorphic processes. 
The transformation of primary silicates into secondary phases 
(e.g., clinochlore, talc, carbonates) implies significant fluid 
circulation channeled by these tectonic structures. Conse-
quently, the «complex geological history» of the region can 
be interpreted as a continuum from magmatic segregation 

(e.g. forming the various protoliths of pyroxenite) to hydro-
thermal alteration and subsequent tectonic deformation, lead-
ing to the heterogeneous distinct mineralogical assemblages 
we observe today.

The mineralogical diversity described above provides the 
physical basis for the spectral heterogeneity detected by our 
remote sensing approach. Our results demonstrate that the 
SVM algorithm, particularly when applied to Pan-Sharpened 
Landsat 8 data, successfully discriminates these lithological 
variations with a high accuracy (97.54%).

Comparison with similar studies highlights the robustness 
of this method. Similar approaches using SVM and band ra-
tios have been successfully applied to ophiolitic complexes in 
arid environments, such as the Eastern Desert of Egypt (Amer 
et al., 2010; Ghoneim et al., 2024 ; Shereif et al., 2024), the 
Zagros belt in Iran (Khaneghah and Arfania, 2017), and ophi-
olites in Turkey (Ekici, 2023). However, our study shows 
that integrating Pan-Sharpening significantly refines the clas-
sification of ultramafic sub-units (Meta-dunite vs. Meta-harz-
burgite) compared to using standard spectral bands alone, as 
often done in earlier works.

The cross-validation between laboratory data (XRD/Ra-
man) and satellite imagery confirms that the spectral hetero-
geneity of the Ait Ahmane-Inguijjem massif is a direct proxy 
for its lithological and metamorphic diversity. This validates 
the use of advanced machine learning techniques (SVM) 
as a reliable tool for updating geological maps of complex 
metamorphic terrains where traditional field mapping is chal-
lenged by accessibility or visual homogeneity.

Ultimately, this integrated approach provides a cost-
effective framework for guiding mineral exploration in the 
Anti-Atlas. By accurately delineating ultramafic subunits –
particularly the distinction between meta-dunites and meta-
harzburgites–this method allows for the precise targeting 
of host rocks for economic mineralization. This spatial re-
finement is particularly relevant in light of recent findings 
by Wafik et al., (2024, 2025b), who emphasized the critical 
control of lithology and structural setting on the genesis of 
mineralization in the Bou Azzer district.

Furthermore, beyond its economic implications, this study 
contributes to deciphering the fundamental geology of the re-
gion. The detailed lithological heterogeneity unveiled here 
serves as a cornerstone for our ongoing research. We are cur-
rently using these high-resolution spectral and mineralogical 
constraints to construct a comprehensive geodynamic model 
of the emplacement of the Ait Ahmane-Inguijjem ophiolitic 
complex, aiming to reconstruct the polyphase tectonic history 
of this segment of the Pan-African belt.

CONCLUSIONS

The multi-analytical approach employed in this study on 
the Inguijjem-Aït Ahmane serpentinite massif allowed to high-
light the occurring lithological variations; indeed, interpreta-
tions obtained by using advanced remote sensing techniques 
were validated through laboratory analyses, particularly X-ray 
Powder Diffraction (XRPD) and Raman spectroscopy. The in-
tegration of satellite data with mineralogical ground-truthing 
successfully confirmed the marked heterogeneity of the mas-
sif, challenging previous assumptions of a homogeneous com-
position. Our results demonstrate that the spectral variations 
mapped by the SVM algorithm – specifically when applied to 
Pan-Sharpened Landsat-8 data correspond to intrinsic litho-
logical differences (e.g. meta-dunites vs. meta-harzburgites) 
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rather than random secondary alteration. This distinction is 
crucial as it reveals a complex geological history involving 
polyphase serpentinization and tectonic deformation.

Beyond these fundamental geological insights, this work 
has also significant practical applications for the mining in-
dustry. The ability to remotely discriminate between specific 
ultramafic sub-units provides a cost-effective and non-inva-
sive tool for mineral exploration, particularly for targeting 
cobalt, nickel, and chromite mineralizations, known to be 
structurally and lithologically controlled in the Bou Azzer 
district. By narrowing down target zones, this approach opti-
mizes field campaigns and surveys in inaccessible areas. Fu-
ture research will focus on integrating these high-resolution 
lithological constraints into a broader 3D geodynamic model, 
aiming to reconstruct the emplacement mechanisms of the 
ophiolitic complex within the Pan-African belt.
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