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Abstract

The Tighardine area in the Western High Atlas Massif is composed of rocks ranging in age from Neoproterozoic to
Cenozoic. The area is intensely deformed with a multidirectional diversity of faults and also hosts a polymetallic ore
deposit (Tighardine mine) and prospects of significant economic value, some of which are related to fault structures. In
order to identify favourable areas of mineral deposition, structural and mineralogical mapping using satellite images
was conducted in this region. For this purpose, various remote sensing approaches were employed on images from
Landsat 8 OLI, Sentinel 2 and ASTER sensors. The process started with lineament extraction methods so as to identify
faults manually from satellite images. Principal component analysis (PCA) and the optimal indexing factor (OIF) were
used to achieve good discrimination of lithological units. Additionally, several band ratios were applied to ASTER,
Landsat 8 OLI and Sentinel 2, in order to derive multiple maps corresponding to hydrothermal alteration zones. Anal-
ysis of the results from the obtained maps and their overlay with field data has allowed us to: (i) identify three main
structural orientations. The most frequent and longest is the NE-SW direction, which coincides with the principal
mineralised horizon of the Tighardine deposit. Results suggest an extension of this horizon towards the south-west at
the Ait Zitoune and towards the west in the Ait Hsayn region. Two new fault set has been identified by remote sens-
ing: NW-SE fracture, generally of Mesozoic-Cenozoic age, and an E-W fractures trend, particularly developed in the
Neoproterozoic basement and considered of Ediacaran age; (ii) highlighting two potential mineralisation zones: in the
Ediacaran basement, revealing alterations of silica, dolomite, clay minerals, iron oxide and alunite-kaolinite-pyrophyl-
lite, hosting the main mineralisation axis (Tighardine mine); in the northern part corresponding to the overthrust zones
of Cambrian onto Cenozoic formations.
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1. Introduction The WHAM is an extensive metallogenic prov-

ince containing a variety of base and precious metal

The Tighardine region is part of the Western High
Atlas Massif (WHAM), which is located along the
northern edge of the West African Craton and forms
the junction of the Pan-African Anti-Atlas Range and
the Mesetian domain. It is part of the intracontinental
Atlas chain uplifted by Alpine orogeny (Piqué et al.,
2002; Teixell et al., 2003, 2005; Laville et al., 2004).

deposits and prospects. Some deposits have been
exploited since the early 1900s, such as the famous
Azegour (Mo, W and Cu), while others are still
in production, like Tighardine (Pb-Zn-Cu = Ag),
Amensif (Zn-Cu-Pb + Ag-Au) and numerous oth-
ers in development or exploration as well as sev-
eral artisanal mining sites for barite, iron and base
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metals. All these deposits are hosted within the
Ediacaran-Palaeozoic basement and are typically
located adjacent to major Hercynian granitoids or
faults (Ilmen et al., 2015; Boukerrou et al., 2018). In
the WHAM, the hydrographic system is dominated
by the N'Fis river, originating from the High Atlas.
Groundwater resources are highly variable in the
Palaeozoic basement, often limited to Quaternary
aquifers. Aquifers in the Cretaceous-Eocene strata
are well exploitable, while the aquifer in molassic
deposits is much more irregular. Despite these nu-
merous discoveries, the massif remains underex-
plored and undervalued considering its significant
natural resources and favourable geological con-
text.

To prospect new sites for mining exploration,
we have used satellite data images, which have
proved to be a valuable tool in geological mapping
and mining exploration (Cetin, 2007; van der Meer
et al.,, 2014; Alshayef & Javed, 2018; Chabane et al.,
2019). Indeed, satellite image processing may com-
plement fieldwork in doing inventories of geolog-
ical lineaments (faults, fractures, etc.), which are
favourable zones for fluid flow and consequently
subject to hydrothermal alterations leading to sig-
nificant mineral deposits. On the other hand, geo-
logical fractures constitute favourable zones for the
infiltration of rainwater towards deep aquifers (fis-
sured aquifer). The use of the satellite data image is
particularly beneficial in heavily deformed areas or
those with complex deformations, and difficult to
access via high altitudes and steep slopes such as
our study area. It also an effective tool in develop-
ing maps for multiple domains such as urban plan-
ning and implementation of large projects such as
dams, bridges and roads.

The main objectives of the present study are to
use remote sensing and various satellite images
(Landsat 8 OLI, Aster and Sentinel 2) in the Tighar-
dine region to: (1) complete the structural mapping
of the Tighardine region by extracting geological
lineaments and fractures, (2) establish hydrother-
mal maps, (3) validate remote sensing results by
fieldwork data. To achieve this objective, several
remote sensing methods accompanied by auxiliary
data such as geological and topographic maps and
bibliographic data (which will be described in de-
tail in the methods and materials section below), are
applied.

2. Geological context

Western High Atlas. The WHAM outcrops com-
prise Neoproterozoic and Palaeozoic basements

composed of multiple basaltic to andesitic lava
flows alternating with pyroclastic, volcano-sedi-
mentary and metasedimentary basement overlain
by a Meso-Cenozoic cover. During Variscan orog-
eny, the WHAM basement experienced two main
episodes of synshist deformation and low-grade
metamorphism (Badra, 1993; Dias et al., 2011).
These episodes were accompanied by the intrusion
of shallow syn-orogenic to post-orogenic grani-
toids, as well as the formation of doleritic, lampro-
phyric and rhyolitic dykes, dated between 347 and
271+3 Ma (Permingeat, 1957; Mabkhout et al., 1988;
Gasquet et al., 1992; Loudaoued et al., 2023).

The Meso-Cenozoic cover begins with Triassic
deposits. These were subsequently impacted by
tectonic activity of faults inherited from the late
Hercynian period. These faults, mainly oriented be-
tween N20-45°, N70-90° and N120°, control basin
geometry. The Triassic extensive tectonic context
led to the formation of ENE-WSW to E-W orient-
ed basins in the Tizi n"Test area and throughout the
High Atlas. In the coastal zone, these basins trend
NNE-SSW, parallel to the Atlantic Rift axis (Qar-
bous et al., 2003).

During the latest Cretaceous to Oligocene, the
convergence between the African and European
plates and the closure of the Tethyan Ocean con-
tributed to the Alpine orogeny. The rapprochement
of the two plates and their collision generated an
intracontinental compression conducting to the
closure of the Triassic basins and the formation
of the Moroccan Atlas Mountain (Dewey et al.,
1989; Ricou, 1994; Missenard et al., 2007). The At-
lasic tightening direction varies from NNE-SSW to
NNW-SSE between the Maastrichtian-Paleocene
and Neogene (Amrhar, 2002; Qarbous et al., 2008;
Ibouh & Chafiki, 2017 ). On the southern side of the
WHAM, these Alpine tectonics are expressed by
reverse faults generally oriented N70°E, including
the western part of the most important Tizi n'Test
(TNT) fault accompanied by a network of reverse
faults. On the northern side of the WHAM, many
left lateral faults trending N70°E to N90°E are re-
sponsible for the current structuration. In the north-
ern sub-Atlasic zone, the E-W Medinet fault, which
extends over several kilometres, overlaps the Cam-
bro-Ordovician basement on the Meso-Cenozoic
cover formations to the west and the metabasites
on the Takoucht granodiorite towards Tighardine
in the east. The northern limit of the WHAM is rep-
resented by the Amezmiz fault whose reactivation,
as a reverse fault during the Alpine compression,
overlaps the Palaeozoic Azegour block towards the
north on the Neogene basin of the Haouz plain (Fig.
1A).
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Fig. 1. A - Structural outline of the Western High Atlas of Marrakech. Red rectangle: study area enlarged in Fig. 1B (Dias
etal., 2011); B - Geological map of the study area (Fekkak et al., 2017).

Tighardine area. The study area chosen for the
present work is located on the northern slope of
the WHAM, approximately 70 km south of the city
of Marrakech. It is bounded by the N’Fis fault to
the east, the Medinet fault to the south and the Ait
Hsayn fault to the west (Fig. 1B).

The geological formations outcropping in the
Tighardine area consist of an upper Neoproterozo-
ic basement represented by the Wirgane granodior-
ite dated at 625 + 5 Ma (Eddif et al., 2007), overlain
by a volcano-sedimentary series of early Ediaca-
ran age (600 + 3 Ma) (Boukerrou et al., 2018). This
basement sequence is unconformably overlain by
a Cambrian shale and sandstone series, followed
by Ordovician sandstones and quartzites, and then
by Visean shales and sandstones. To the east and
south-east of the Tighardine mine, the Triassic red
sandstones overlie, in a major unconformity, the
Wirgane granodiorite (Fig. 2).

The study area presents a multidirectional fault
network, in the direction N-S to NNE-SSW, ENE-
WSW to E-W and N140 to N160. The N-S and N70
to N90° directions are shear faults (Fig. 3). They cut
the Tighardine Formation into blocks and general-
ly correspond to the contacts with the granodiorite.

The Tighardine Formation recorded low-grade
regional metamorphism (greenschist facies) and,
locally, low-pressure contact metamorphism which
manifests itself, on one side, by the local presence

of cordierite and andalusite in the pelitic rocks
and on the other hand by the presence of diopside,
tremolite and actinolite in dolomitic rocks. These
metamorphic minerals are strongly deformed and
present sheared zones in some places.

The main mineralised body of the Tighardine
polymetallic deposit (Cu, Pb, Zn) has a NE-SW
orientation. It has a thickness ranging from 0.5 to
2 m, an average lateral extent of over 1 km, and
a depth of 400 m, dipping at 45° to the north-west
(Boukerrou et al.,, 2018). The deposit is located
within the Ediacaran volcanic and volcano-sed-
imentary formations. The main horizon is at the
base of the upper dolomite layer and exhibits min-
eralogical variability as a function of depth, with
a predominance of barytes at the top, and massive,
banded and brecciated sulphides (Boukerrou et
al., 2018).The ore consists mainly of chalcopyrite,
sulphoarsenides, galena, sphalerite, bornite, pyrite,
arsenopyrite, native silver and magnetite (Alansari
et al., 2009; Boukerrou et al., 2018).

3. Materials

The data used in the present study consist of three
types of satellite images: Aster, Landsat 8 OLI and
Sentinel 2B. They were downloaded free of charge
from the United States Geological Survey (USGS)
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Fig. 2. A synthetic stratigraphical column of the
study area (Boukerrou et al., 2018).
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Fig. 3. Structural section extracted from the Amezmiz sheet, redesigned (Ouanaimi et al., 2018).

website and from the website https://scihub.co-
pernicus.eu/. The satellite images were acquired on
June 11, 2006, August 14, 2021 and April 16, 2022,
respectively.

The Aster satellite image is composed of 14 spec-
tral bands, including three bands in the visible and
near-infrared (VNIR) range with a spatial resolu-
tion of 15 metres, six bands in the shortwave infra-
red (SWIR) range with a spatial resolution of 30 me-
tres, and 5 bands in the thermal infrared (TIR) range
with a spatial resolution of 90 metres. The Landsat
8 OLI consists of 11 spectral bands, including eight
in the visible and infrared range with a spatial res-

olution of 30 metres, one panchromatic band with
a spatial resolution of 15 metres, and two thermal
bands with a spatial resolution of 60 metres. Senti-
nel-2 satellite image has 13 spectral bands, includ-
ing the visible, near infrared, and short-wave infra-
red range, with spatial resolutions of 10, 20 or 60
metres, depending on the spectral bands (Table 1).
As auxiliary data, we have used the 1/50,000
geological map of Amezmiz (Ouanaimi et al., 2018)
and the 1/100,000 topographic map of Amezmiz.
The maps were georeferenced according to the
UTM projection, zone 29 north, and the WGS84 da-
tum to match the afore-mentioned satellite images.
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Table 1. Spectral bands of data utilised in the present research.

Landsat 8 OLI Aster Sentinel 2B
Band Wavelenght Resolution Band Wavelenght Resolution Band Wavelenght Resolution
1 0.43-0.45 30m 1 0. 52-0. 60 15 m 1 0.44 60 m
2 0.45-0.51 30m 2 0. 63-0. 69 15m 2 0.49 10 m
3 0.53-0.59 30m 3N 0. 78-0. 86 15m 3 0.56 10 m
4 0.63-0.67 30m 3B 0.78-0. 86 15m 4 0. 66 10 m
5 0.85-0.87 30m 4 1.60-1.70 30m 5 0.70 20 m
6 1.56-1.65 30 m 5 2.15-2.18 30 m 6 0.74 20 m
7 2.10-2.29 30m 6 2.18-2.22 30m 7 0.78 10 m
8 0.50-0.67 15 m 7 2.23-2.28 30m 8 0.84 20m
9 1.36-1.38 30m 8 2.29-2.36 30m 8A 0.86 60 m
10 10.60-11.19 30m 9 2.36-2.43 30m 9 0. 94 60 m
11  11.50-2.51 30 m 10 8.12-8.47 90 m 10 1.37 20 m
11 8.47-8.82 90 m 11 1.61 20 m
12 8.92-9.27 90 m 12 2.19 20 m
13 10.25-10.95 90 m
14 10.95-11. 65 90 m

For a better visual interpretation of the images,
pre-processing was necessary, such as radiomet-
ric and atmospheric corrections. These corrections
were performed using the Fast Line-of-sight Atmos-
pheric Analysis of Spectral Hypercubes (FLAASH)
algorithm (Thome et al., 1998) for Aster and Land-
sat 8 OLI. However, for the Sentinel-2 satellite im-
age, atmospheric correction was carried out using
the SNAP application from the Sen2Cor module, re-
sulting in 12 spectral bands with a spatial resolution
of 10 metres (https:/ /step.esa.int/main/).

4. Methods

The methodology employed in the present study
is based on the satellite image processing to extract
geological information in the study area (Fig. 4). For
the extraction of faults or fractures in general, indi-
cated by the term “lineament” in remote sensing,

we have used principal component analysis and
directional filters, and finally, spectral indices have
been employed for mapping some alteration min-
erals that can serve as a mineral prospecting guide.

4.1. Extraction of lineaments

To accentuate and highlight linear structures,
which may represent faults, fractures and litho-
logical discontinuities in satellite images, we have
made use of directional filters. This process is based
on square matrices with different sizes (3x3; 5x5;
7x7) that transform the original image by modify-
ing pixel values based on neighbouring pixel values
and utilising special weighting coefficients (Moore
& Frederik, 1986; Errami et al., 2023).

For the present work, we have applied filters of
size 3x3, 5x5 and 7x7 (Table 1) in four different and
main directions NO, N45, N90 and N135 (Table 1)

I Cartographic DATA ‘ I Multispectral satellite imagery (Landsat 8 OLI, Aster and Sentinel 2B) ‘
Topographic Geological |
map map ‘ Radiometric Calibration, Atmospheric Correction ‘
[ | [ I
Landsat 8 OLI Aster Sentinel 2B
Landsat 8 OLI (Landsat 8 OLI, Aster, ‘ ‘ ‘ ‘
‘ ‘ Sentinel 2B) (ACP1) (ACP1) (Band 11)
extr?ct;:)n & Directionel Filtering
‘ OIF ‘ ‘ ACP ‘ (N0, N45, N90, N135)
| Hydrothermal Alteration | ’ Manual extraction of lineaments
Control , Validation, Field work Lithological Mineralogical maps Lineament maps

discrimination

Fig. 4. Flow sheet illustrating the methodology of the different stages used in the present study.
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on the ACP1 image for Aster and Landsat 8 OLI and
on band 11 of the Sentinel 2B satellite image. The
resultant image highlights all linear discontinuities
outcropping in the study area (dykes, faults, frac-
tures, lithological discontinuity, etc.). This process
enhances the visual perception of linear geological
structures on the image (Fig. 5).

The study area lineaments have been carried out
manually, by visual analysis of the obtained images
from the different filtering steps. Lineament synthet-

576000 580000

576000
576000

ic maps (Fig. 6) have been generated by catalogu-
ing all the linear segments present in the different
images (Aster, Landsat 8 OLI, Sentinel 2B) result-
ing from the filtering process. In order to attribute
a geological significance to the lineaments extracted
by remote sensing, the lineament maps have been
compared with auxiliary data such as geological
and topographic maps and field observations. This
has allowed to eliminate lineaments related to lith-
ological and topographical (Linear cliff) discontinu-

576000 580000 584000
N = P

Fig. 5. Resulting image of 5x5 filter for the three types of satellite images: a’, b’, ¢’ before lineament extraction process;

a, b, c with lineaments tracing in red.
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ities and anthropogenic lineaments (paved roads,
railways, etc.). The resulting map, after these oper-
ations, highlights a significant number of fractures
and structural lineaments. Fieldwork has been done
in order to validate tectonic lineaments.

4.2. Lithological and mineralogical mapping

The mineralogical mapping is carried out by using
two methods: firstly, the Band Ratio (BR) approach
for mapping hydrothermal alteration indices in the
three types of satellite images (Aster, Landsat 8 OLI
and Sentinel 2B). This method is extensively applied
in hydrothermal mineral mapping (Pour & Hashim,
2012; Rajendran et al., 2018; Eldosouky, 2019). Spe-
cific hydrothermal alteration minerals can be effec-
tively detected using the calculation of absorption
and reflection band ratios. The bands are chosen
based on the maximum absorption and maximum
reflection of the mineral searched for (Inzana et al.,
2003; Di Tommaso & Rubinstein, 2007). Generally,
VNIR spectral bands are used for identifying iron
oxides/hydroxide minerals as they contain crucial
information regarding the presence of Fe3+/Fe2+
in the range of 0.45 to 1.2 pm (Hunt & Ashley, 1979).
In the present study, we have selected the bands
mentioned in Tables 2 and 3. The second method is
the Principal Components Analysis (PCA). PCA is
a well-known dimension reduction method, which
will make it possible to transform highly correlated
variables into new variables uncorrelated with each
other. In remote sensing, this involves reducing and
concentrating most of the information contained in
all spectral bands into a certain reduced number of
bands. It is a method widely used in various treat-
ments of multispectral satellite images to map lith-
ological units and hydrothermal alteration minerals
(Loughlin, 1991; Crfosta et al., 2003; Pour & Hashim,
2011, 2012; Chen et al., 2018; Eldosouky, 2019; Zo-
heir et al., 2019). The PCA transformation allows
the mapping of hydrothermal alteration minerals.
The analysis of the signs (positive or negative) and
the intervals of the eigenvalues makes it possible
to detect on the PCA images the zones containing
the hydrothermal minerals sought as bright pixels.

Table 2. Some examples of ratios and indices enhancing
hydrothermal alteration mineral in Landsat OLI 8 and
Sentinel 2B (Kalinowski & Oliver, 2004; Van der Werff
& van der Meer, 2016).

Minerals Landsat OLI Sentinel 2
Clay minerals 6/7 11/12
Ferrous minerals 5/3+1/2 7/5+3/4
Iron oxide 4/3 4/3
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Table 3. Some examples of weathering mineral ratios un-
der Aster images.

Minerals Ratios Reference
Alunite, kaolinite,
pyrophyllite (4+6)/5 Gozzard (2006)

.. Rowan et al.
Ferric iron, Fe3+ (2/4) (2003)

. Rowan et al.

Ferrous iron, Fe2+ 5/3+1/2 (2006)
Silica (11x11)/10/12  Bierwith (2002)
Dolomite (6+8)/7 Gozzard (2006)

The raw bands to be transformed by PCA are those
where the mineral shows maximum absorption and
that where it shows maximum reflection (Loughlin,
1991; Ctosta et al., 2003).

The lithological map is produced by satellite im-
age processing which allows an increase in visual
discrimination of facies. Two processing images are
used, Principal Component Analysis (PCA) large-
ly described above and the Optimum Index Factor
(OIF). The OIF is a statistical value that can be used
to select the optimal combination of three bands to
make an optimal coloured composite of a satellite
image. The optimal combination of bands among
all possible 3-band combinations is the one that
contains the greatest amount of different informa-
tion with the least repetition. It is calculated by a ra-
tio of the standard deviations Sum, of the different
three-band combinations, to the Sum of the corre-
lation coefficient absolute values. The combination
with the highest OIF is likely to provide the maxi-
mum lithological information (Qaid & Basavarajap-
pa, 2008; Berraki et al., 2012; El Atillah et al., 2018; El
Janati, 2019) (see Table 4).

Table 4. Result of optimal index factor calculation (OIF).

Coloured

Red Green Blue
com- OIF
channel channel channel
pound
1 Band 5 Band 6 Band 7 9611.49
2 Band 4 Band 5 Band 6 9061.19
3 Band4 Band 6 Band 7 8923.38
4 Band 3 Band 5 Band 6 8649.54
5 Band 4 Band 5 Band 7 8578.37
6 Band 1 Band 5 Band 6 8570.79

4.3. Fieldwork

In order to validate and verify the information and
data extracted by remote sensing on the different
satellite images used, we have identified zones of
hydrothermal alteration on the images derived by
processing with sampling of geographic co-ordi-

nates. Subsequently, a field campaign was organ-
ised to verify, on the one hand, the accuracy of the
results in the field. On the other hand, this was
done so as to collect samples for thin sections and
microscopic investigations to examine the mineral
alterations identified by remote sensing. The field
missions will also make it possible to quantify the
orientations of geological structures and the extent
of hydrothermal zones detected on the images.

5. Results and discussion

5.1. Lineaments mapping

The resultant lineament synthetic maps reveal 447
lineaments from Landsat 8 OLI image, 394 from
ASTER and 743 from Sentinel 2B. Lineaments pres-
ent different shapes and sizes (Fig. 6). The analysis
of the three lineaments maps shows three main frac-
tures sets in the three satellite images cited above.
The main and major fracture sets, extracted and
common in the three types of images, are NE-SW
and NW-SE. A third fractures set oriented E-W is
minor (Fig. 7A, B, D; Table 5).

The lineament maps (especially those obtained
from Landsat 8 OLI and Sentinel 2B images) con-
firm the fault sets oriented NE-SW indicated on the
geological map of Amezmiz 1/50.000 (Fekkak et al.,
2017) (Fig. 8B).The lineaments allow also mapping
new faults oriented E-W and NW-SE. The mapping
of major faults only on the geological map (Fekkak
et al., 2017) may explain the disparity between the
results of remote sensing and the geological map.

Comparing the directions of lineaments ob-
tained from remote sensing with existing geologi-
cal studies by Boukerrou et al. (2018), a significant
correlation is observed. Also, according to our field
observations, the Tighardine region is affected by
numerous faults with varied orientations, ranging
from N-S to NNE-SSW, ENE-WSW to E-W and
N140 to N160. However, faults oriented from N50°
to N70° and E-W are relatively abundant in the
study area (Taib et al., 2020). These orientation sets
confirm those extracted by remote sensing in this
work. Additionally, the directions found by remote
sensing are compatible with the directions of the
great Medinet fault, oriented N90° to N120°, as well
as the N’Fis fault, oriented N10°E to N20°E. Fur-
thermore, the Taourirte-Tighardine fault is parallel
to the N'Fis fault, and other similar examples were
described by Taib et al.(2020).

The ENE-WSW to ESE-WNW and SSE-NNW
directions are weakly detected by remote sensing.
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Fig. 7. Rose diagrams of lineaments extracted from satellites images: A - Sentinel 2B; B - Aster; C - Landsat 8 OLI. Rose
diagrams of lineaments extracted from Sentinel 2B for geological formations of different ages: D - Ediacaran; E -

Palaeozoic; F - Meso-Cenozoic.

Table 5. Number and frequency of three set faults extracted from satellites images used in the present work.

Landsat 8 Oli Aster Sentinel 2B

Direction Number of Frequency Number of Frequency Number of Frequency
faults (%) faults (%) faults (%)
NE-SW 370 75.66 240 62.18 614 82.64
NW-SE 94 19.22 126 32.64 93 12.52
E-W 25 5.11 20 5.18 36 4.85

They correspond to secondary faults resulting from
successive tectonic activities during the Hercynian
and Atlasic orogenesis (Taib et al., 2020).

To validate the lineament map obtained by re-
mote sensing, field measurements were conducted.
The diagram rose (Fig. 8A) reveals the presence
of two main directions: NE-SW and E-W. The
E-W orientations are highly prevalent in the field
measurements but appear less frequently in the di-
rectional roses diagram derived from remote sens-
ing lineaments. This suggests that these two linea-
ments sets crop out at the local scale of Tighardine
and expressed specifically in the Ediacaran base-
ment, but are less extensive on a global scale. The
same observation is valid for N-S oriented faults.

In order to evaluate the role of various orogen-
esis (Pan-African, Hercynian and Atlasic) and to
examine the relationship between the lithological
nature and ages, the orientation and density of line-
aments, we have divided the study area depending

on ages of formations so as to detect outcropping
frequency and trends of lineaments using Sentinel
2Bimage. The analysis of relationship cited above
reveals that:

- The Ediacaran outcrops show 120 lineaments
oriented NE-SW, representing 70 per cent of the
total and the E-W direction represent 24.74 per
cent. These two fault sets are probably inherit-
ed from the late Pan-African deformations and
were reactivated during Hercynian and Alpine
tectonic episodes. Such directions coincide with
the well-known Tizi n’Test fault, oriented N70°E
to E-W and worked in dextral shear during Her-
cynian deformations (Dias et al., 2011).

The Palaeozoic outcrops display 317 lineaments
mainly oriented NE-SW. This trend, already de-
scribed in the Ediacaran formations, is linked to
the N70°E shear zones and granitic intrusions at-
tributed to the late stage of Palaeozoic extension
by Badra et al. (1991).
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- The Meso-Cenozoic outcrops exhibit 48 linea-
ments, and the main direction is NW-SE. This
trend expresses the tectonic impact of Mesozoic
events in our region. The NW-SE faults were acti-
vated as normal during Triassic rifting and reacti-
vated in reverse during Alpine compression (Bad-
raetal., 1991; Dias et al., 2011; Fekkak et al., 2018).
In terms of regional tectonics, the rose diagram

obtained based on geological ages validates the

known fault trends in the region, confirming the
impact of tectonic events in the Tighardine area.

5.2. Lineament density

Lineament density is an important parameter widely
used in lineament characterisation (Lachaine, 1999;
Corgne et al., 2010; Hashim et al., 2013). The produc-
tion and analysis of lineament density maps allow
us to assess the lineament concentration in relation
to the different outcrops (Lachaine, 1999). Fracture
density maps highlight high concentrations in the
Ediacaran basement outcrops (especially in the Sen-
tinel 2B and Landsat 8 OLI images), which is a heav-

576000 580000 584000
L -

i

Density of lincaments @ Mineralization A Village

o High: 471,981
- Low:0

Fig. 8. A -Rose diagrams representing faults
observed in the field (locally at Tighar-
dine area); B - Faults extracted from the
Amezmiz geological map (Fekkak et al.,
2017).

ily deformed area in the Amezmiz zone during the
Variscan compression (Ouanaimi et al., 2018). They
are also aligned along the major NE-SW-oriented
geological faults in the study area (Fig. 9).

We have noted that the fractures extracted by re-
mote sensing are more numerous and denser than
those identified on the Amezmiz geological map
(1/50,000). This could be attributed to the fact that
only large extension faults have been mapped on
the geological map, as already mentioned above.

5.3. Analysis of lineament lengths

The analysis of lineament lengths reveals a range of
variation from 6.6 metres to 1.07 kilometres for the
Sentinel image, from 56.9 metres to 1.6 kilometres
for Landsat 8 OLI, and from 6.4 metres to 1.16 kilo-
metres for Aster (Fig. 10). However, the majority of
lineament lengths extracted from the three types of
images varies 0.1 and to 0.4 kilometres, while line-
aments longer than 1 kilometre are infrequent and
represent approximately 4 per cent in the map line-
ament derived from Aster image.

Lineaments

Fig. 9. Density maps extracted by remote sensing: A - Aster image; B - Landsat 8 OLI image; C - Sentinel 2B image.
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Fig. 10. Histograms showing lineament length/frequen-
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5.4. Lithological mapping

The lithological map extracted from coloured com-
posite PCA1, PCA2 and PCA3 has allowed us to de-
lineate various geological formations in the study
area (Fig. 11A). The Ediacaran basement is depicted
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in a purple shade, middle Cambrian fine sandstones
in sky blue and Visean schists, predominantly ob-
served in the south-west of the study area, is high-
lighted in yellow. In the northern part, where Ceno-
zoic formations appear, particularly Paleogene and
Quaternary, it is challenging to differentiate them;
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Fig. 11. Colour composite from: A - Principal Component Analysis (PCA,,, B - Uncorrelated bands 5, 6 and 7 of the

OIF method.
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they are represented by orange and pink hues, re-
spectively. Heavily vegetated regions are displayed
in blue (Fig. 11A).

The coloured composite of bands 5, 6 and7 with
the highest OIF has validated the lithological units
previously identified by the PCA. However, there
are notable differences. The OIF method distinctly
identifies the Ediacaran formation through a light
beige hue (Fig. 11B), the fine green sandstones of
the Middle Cambrian represented by a pistachio
colour, and the Visean schist formations by brown.
Nevertheless, this method does not separate Pale-
ogene and Quaternary formations, possibly due to
the lithological similarity of their facies. Dense veg-
etation areas are also indicated in blue (Fig. 11B).

Among the differences observed between the
obtained maps (Fig. 11A, B) and the geological map
(Fig. 1B) is that the formation considered to be Or-
dovician in age is represented by the same colour as
the Visean and Quaternary depositions overlying
the Cambrian formations in the NNW part of the
study area.

5.5. Mineralogical mapping

Analysis of results from processing indices using
Landsat 8 OLI and Sentinel 2B imagery enables
the identification of mineral distribution within
the study area (Fig. 12). Clay minerals are localised
primarily in the river, which is likely due to water
drainage during floods, and they settle in low-lying
topographical areas. Therefore, the clay minerals
found in the river may not necessarily result from
significant clay alteration in the Cambrian pelitic
formations. The localised presence of this band may
be related to lithological variations, specifically the
abundance of sericite-shale in the Cambrian pelitic
formations as shown by petrographic observations.

Ferrous minerals are located in the same areas
as clay minerals, indicating that the same phenome-
non controls both types of alteration. Iron oxides are
arranged along oxidation corridors oriented along
the major NE-SW structures, which correspond to
the orientation of the mineralised horizon in the
study area (magnetite, hematite, etc.) and the over-
lapping zone associated with the northern sub-At-
lasic fault (NSF) (Ouanaimi et al., 2018) that delim-
its the studied northern block. They are also present
in the Ediacaran basement. As for ferrous minerals,
they are localised mainly in the central part of the
altered Middle Cambrian basaltic formations and in
the eastern part of the clay alteration zone.

In conclusion, processing of the Sentinel 2B and
Landsat 8 OLI satellite images displays the same al-

terations in the same places for the three types of
alteration indices (clay minerals, iron oxide and fer-
rous minerals) (Fig. 12).

The spatial maps of hydrothermal alteration
minerals derived from processing Aster images,
such as silica, dolomite, carbonate, ferrous miner-
als and iron oxide, were plotted on the same map
allowing observation of the spatial relationship be-
tween the various detected anomalies (Fig. 13).

The results shown in Figure 13 exhibit some sim-
ilarity to the index maps extracted from Landsat OLI
and Sentinel 2B images. The iron oxides are located
along the fault defining the northern boundary of
the study area and within the Ediacaran formations.
Silica appears in an outcrop area corresponding to
the Ediacaran basement, which hosts the mineral-
ised zone. Moreover, the ferrous minerals are lo-
calised primarily in the northern part of the study
area, mainly within the alternating sandstone-shale
formations of the Visean and in the Upper Creta-
ceous red clay formations. They may also be associ-
ated with altered tuffs and basalts occurring in the
Middle Cambrian (Ouanaimi et al., 2018).

Indeed, fieldwork and thin section observation
have shown that the study area is characterised by
an abundance of silicification phenomena within
dolomites (silicified dolomitic lenses) and an abun-

576000

-576000
® Mineralization [ 1 Ferric iron 3+
M Ferric iron 2+ M Alunite-kaolinite-pyrophyllite 71 Dolomite

[ Silice

Fig. 13. Map displaying all spectral indices extracted from
Aster image; A, B, C, D, E, F - locations of images in
Figure 14.
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Fig. 14. Field photographs showing alterations. B, D, F - dolomites affected by quartz veins. C - Heavily weathered
dolomites with old artisanal mining galleries. A, E - ferric alteration.
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Fig. 15. RGB colour composite of band ratios 2/1, 4+6/5,
and 3/2 (areas of hydrothermal alteration represent-
ed by dark orange pixels) with extracted lineaments
from Sentinel 2B image.

dant presence of silicified veins and fractures (Figs.
14, 16).

The RGB colour composition of the 2/1, 4+6/5,
and 3/2 band ratios (Fig. 15) has revealed areas
of hydrothermal alteration by dark orange pixels.
These zones correspond perfectly to the hydro-
thermal alteration areas obtained by remote sens-
ing (Figs. 12, 13), which are in agreement with the
mineralised zone and the faults crossing the region
(NSF in the northern part of the study area).

6. Conclusions

The present study discusses the integration of mul-
tispectral data from ASTER, Landsat 8 OLI and
Sentinel 2B sensors for the mapping of lineaments
(geological fractures) and hydrothermal alteration
minerals associated with the mapping of fractures
in the Tighardine area (Western High Atlas of Mar-
rakesh). Fracture mapping was carried out using
Landsat 8 OLI, ASTER and Sentinel 2 satellite im-
age processing. This analytical technique allows to
identify networks of lineaments that affected the
study area. Results obtained indicate that these lin-
eaments are divided into three major sets of direc-
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Fig. 16. Microscopic photographs
of hydrothermal alteration min-
erals.  Cross-polarised  light.
A - Silicification associated with
sulphide; B - Agglomeration of
chlorite minerals surrounded by
sericite within basalt; C, D - Silici-
fied dolomites. Qz - quartz, Dol
—dolomite, Ser - sericite, Sulph -
sulphide, Plg - plagioclase, Chl
- chlorite.
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tions. The main one is NE-SW, which is the most
frequent and longest (with a percentage of 75.66 per
cent for Landsat 8 OLI, 62.18 per cent for ASTER,
and 82.54 per cent for Sentinel 2). This direction
is the best known in the study area. The two new
fracture sets identified by remote sensing are NW-
SE (moderately represented on lineament maps),
represented in Mesozoic-Cenozoic formations, and
E-W (the least represented on lineament maps), oc-
curring in outcrops of Ediacaran basement.

Landsat 8 OLI, Sentinel 2 and ASTER satellite
images have also been used to establish hydro-
thermal alteration mineral maps in the study area.
The map analysis has revealed two potential target
areas: in the south-east of the study area the Neo-
proterozoic basement displays alterations of silica,
dolomite, iron minerals, clay minerals, iron oxide
and alunite-kaolinite-pyrophyllite. These alteration
zones are oriented along the major NE-SW struc-
tures corresponding to the orientation of the min-
eralised horizon of the Tighardine ore deposit. Re-
sults obtained hint at an extension of this horizon
towards the south-west at the Ait Zitoune and to-
wards the west in the Ait Hsayn region. The second
area is situated in the northern part, at the Cambri-
an-Cenozoic boundary, where the most abundant
alterations are carbonation, silicification and iron
(Fe?") oxidation, covering extensive areas.
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