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Abstract

Geological mapping using remote sensing is one of the most important applied methods in natural resources exploration. The
objectives of this study are mapping and analyzing of fractures distribution in the Rich area in order to understand the influence of
lithology and geodynamics on fracture density. For this purpose, we relied on automatic lineament extraction using four types of
satellite imagery: Landsat OLI, Sentinel 2A, ASTER L1B, and ASTER Global Digital Elevation Model (GDEM) in order to
extract the maximum of lineaments affirmed significative in structural interpretations. After image corrections, the processing of
these images is based on the highlighting of structural lineaments and their automatic extraction using the algorithm line of
Geomatica software. The validation of linear structures was made based on existing data. The finding showed that each produced
map shows systematically a similarity in terms of concentration and orientation with three preferential system-oriented NE-SW,
NEE-SSW, E-W, and NNE-SSW. Lineaments mainly follow that of major fault zones, with a high concentration in the North-
East part of the study area. This might be due to the importance of the Alpine orogeny deformation as well as the diapirism
phenomenon of the Triassic formations in the hiner zone of the Atlas belt. However, the observation shows that the number and
total length of structural lineaments could be extracted by using the sentinel 2A then Landsat OLI, ASTER-GDEM, and ASTER
L1B set. The automatic extraction allows better mapping of structural lineaments. It shows a good agreement and more infor-
mation compared with previous geological data, confirming the efficiency of applied techniques in geological studies.
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Introduction

Structural mapping is a presentation of the different structures
on the Earth’s surface, including linear structural features (fold
axis, faults...). Mapping these structures allows understand-
ing the dynamics of the movements of the Earth’s crust.
Moreover, mapping of structural lineaments is important in
geological exploration because it shows the flow of fluid
through in these fractures, analysis of these fractures is used
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to discover reservoirs of groundwater and mineral deposits,
and petroleum, as well as to understand the dynamics of the
study area (Gad and Kusky 2007; Hamdani 2019; Kumar and
Bhandary 2015). Conventional methods used in mapping
structural lineaments do not detect all lineaments present in
the study area. The integration of remote sensing in structural
lineament mapping has contributed to improving the quality
of the maps. In which it revealed the abundance of linear
structures and significantly improved the knowledge of the
study areas, as well as this method is very applicable in areas
of difficult access and mountainous.

The lineament extraction using remote sensing can be
grouped into automatic extraction where the extraction is per-
formed by the algorithm based on enhancements including
edge detection and filters then extraction (Adiri et al. 2017,
Si Mhamdi et al. 2016). The manual extraction or visual in-
spection is performed by tracing manually by users on the
color composites or band ratios of datasets or using directional
filters that enhance the edge (El Alaoui El Moujahid et al.
2016; Kassou et al. 2012).
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In the Atlas system, remote sensing techniques have been
employed by Nouayti et al. (2017) using manual extractions
covering a part of the study area. Other works investigated the
potential of remote sensing using automatic or manual extrac-
tion elsewhere in the Atlas system, in the Western High Atlas
(Si Mhamdi et al. 2017), and in the Central High Atlas (El
Alaoui El Moujahid et al. 2016). Applied techniques show the
importance of remote sensing in geological investigations.
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Fig. 1 Location of the study area:
A Morocco, B Les provinces de la
region des Deraa Tafilalet, and C
topographic map of the study area
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In this study we investigate in the Errachidia-Midelt area,
one of the key sectors in the Atlas system (Figs. 1 and 2). The
study area is located along the National road Errachidia
midelt. It is characterized by an abundance of brittle deforma-
tion as thrust fault and the related folding (Fig. 2), which are
mainly in the Jurassic limestones that can reach up to 1000 m
thick (Arboleya et al. 2004). This work is relevant to study the
fracturing in the study area where fracturing is well developed,
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Fig. 2 Structural map of Rich area modified from Ibouh (2004)
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Table 1 Spectral bands of used data in this study
Landsat OLI ASTER Sentinel 2A
Bands Wavelength (pum) Resolutions Bands Wavelength (um) Resolution Bands Wavelength (pum) Resolutions
1 0.44 30 m 1 0.56 15m 1 0.443 60 m
2 0.48 30 m 2 0.66 15m 2 0.49 10 m
3 0.56 30 m 3N 0.82 15m 3 0.56 10m
4 0.655 30 m 3B 0.82 15m 4 0.665 10 m
5 0.865 30 m 4 1.65 30 m 5 0.705 20 m
6 1.61 30 m 5 2.165 30 m 6 0.74 20 m
7 22 30 m 6 2.205 30 m 7 0.783 10 m
8 0.59 15m 7 2.26 30m 8 0.842 20 m
9 1.37 30 m 8 2.33 30m 8A 0.865 60 m
9 2.395 90 m 9 0.945 60 m
10 1.375 20 m
11 1.610 20 m
12 2.190 20 m

because it is affected by different tectonic phases of the alpine
orogeny (Babault et al. 2013; Teixell et al. 2017).

We apply remote sensing techniques to different data to
extract lineaments automatically, due to the difficulty of ac-
cess in some areas and the geographic extent of the study
zone; the use of conventional methods in fracture mapping
is difficult to identify all existing lineaments and follow fault
extension.

Besides the identification of geological structures and the
interpretation to determine the geological factors (lithological
and dynamic) controlling the distribution of structural linea-
ments in the study areas, another purpose of this study is to
evaluate the efficiency of different datasets (Landsat OLI,
Sentinel 2A, ASTER, and ASTER-GDEM) to detect structur-
al lineaments automatically that were not identified in previ-
ous work in order to develop a well-detailed fracture map. The
results obtained are supported by pre-existing geological data
integrated in a Geographic Information System (GIS) (Oo
et al. 2019). Four main systems were identified: NE-SW,
NEE-SSW, E-W, and NNE-SSW: all structures are related
to alpine shortening. The finding will be a useful reference
to understand the geodynamics of this region, as well as to
improve the structural knowledge of the Central High Atlas,
moreover, for future mineralogical and hydrological explora-
tion as well as infrastructure engineering (Bednarik 2019;
Dormishi et al. 2018; Mafi Gholami and Baharlouii 2019)

Geological setting
Geographically, the Rich area is located in the middle of the

main road between the city of Er-Rachidia and Midelt.
Geologically, this study area was located in the Eastern part
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of the Central High Atlas, limited to the North by the
Moulouya plain separated by faults oriented N70 to EW
(Fig. 2). In the South, the study area is limited to the Anti-
Atlas by the pre-Saharan furrow of Ouarzazate-Errachidia
(Benammi et al. 2001). The topography of this area is diverse.
It contains mountains like Mount Ayachi, which measures
3757 m in height as well as plains and high plateaus. The
drainage network of the study area is crossed by high Basin
of Ziz and Guir (Fig. 1).

The Central High Atlas is characterized by a thick-skinned
structural style that relates to the presence of the Triassic for-
mations that constitute the detachment level (El Harfi et al.
2006). The geomorphology of the Central High Atlas is
formed by the tectonic inversion of the normal faults of the
intercontinental basins by the Alpine orogeny(Babault et al.
2013; Teixell et al. 2003).

From the lithological point of view, the study zone is char-
acterized by the Paleozoic basement in the Mougueur region,
which is located 40 km East of Rich. The Mougueur Massif is
composed of satin schists and sandstones-pelites of the
Middle Cambrian and/or Ordovician affected by the
Hercynian orogeny (Ouanaimi et al. 2018). The Mesozoic
cover was initiated by Triassic formations composed of red
formations and basalts that outcrop mainly at major faults
(Beauchamp 1988; Ibouh 2004). The Lower Jurassic is char-
acterized by platform formations, limestones, and dolomites,
surmounted by a succession of Middle Jurassic limestones,
calciturbidites, and shales (Ait Addi and Chafiki 2013;
Igmoullan et al. 2001; Teixell et al. 2017). The Upper
Jurassic consists of continental red formations (Ettaki et al.
2000; Haddoumi et al. 2002; Chacrone & Hamoumi 2005)
underlined by marine regression, accompanied by alkaline
magmatic intrusions of the Middle and Upper Jurassic
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Fig. 3 Methodology flowchart of
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(Essaifi and Zayane 2018; Laville 1985). Lithological forma-
tions from the Cretaceous to the Tertiary are marine forma-
tions deposited generally North and South of the Central High
Atlas(Michard et al. 2011)

From a structural point of view, the direction of structures
in the Central High Atlas according to the study by Laville
(Laville 1988) is as follows: direction faults and reverse folds
is N140° and direction of normal faults and dykes is N40-50°.
These structures are the result of regional senestral strike-slip
fault (N70-90), which also controls the location of plutonic
bodies in the region.

Materials and methods
Data sources

In the present work, the automatic extraction of lineaments
was carried out using four types of multispectral images:
Landsat OLI, ASTER, Sentinel 2A (Table 1), and ASTER-
GDEM.

Landsat- 8 OLI (Operational Land Imager), an American
Earth observation satellite launched on 11 February 2013,
consists of nine spectral bands with a spatial resolution of 30

Table 2 Results of the PCA of

the used data set (x = non-used Landsat 8 Sentinel 2 ASTER

bands in the PCA)
Bands Eigenvalue Percentage Eigenvalue Percentage Eigenvalue Percentage
Band 1 385,960,231.70 98.7800 1,974,500.79 90.7800 921,255.94 94.9900
Band 2 3,739,888.35 0.9600 107,696.37 4.9500 35,748.66 3.6800
Band 3 735,517.33 0.1900 73,707.96 3.3800 8841.82 0.9100
Band 4 194,568.40 0.0490 8246.55 0.3700 3783.85 0.3900
Band 5 95,748.00 0.0240 4727.17 0.2100 99.45 0.0100
Band 6 31,017.84 0.0080 3778.68 0.1700 25.41 0.0025
Band 7 2222.56 0.0006 916.69 0.0420 14.24 0.0014
Band 8 X X 653.83 0.0300 6.28 0.0006
Band 9 X X 366.97 0.0160 3.88 0.0004
Band 10 X X 32243 0.0140 X X
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Fig. 4 PCI image of A Landsat OLI, B Sentinel 2A, and C ASTER

m for bands 1 to 7 and 9, with the exception of the panchro-
matic band with a spatial resolution of 15 m, and two thermal
bands with a resolution of 100 m.

ASTER (Advanced Spaceborne Thermal Emission
Reflection Radiometer) was launched in December 1999,
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with three spectral bands in the visible/near-infrared
(VNIR) region, six spectral bands in the short-wave in-
frared (SWIR) region, and five spectral bands in the
thermal infrared (TIR) region with a spatial resolution
of 15 m, 30 m, and 90 m respectively.
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Table 3 Matrix of weighting coefficients of the 7 x 7 directional filter for N0O0°, N45°, N90°, and N135°

N00° N45°

-1 -1 -1 0 1 1 1 -1.414214 -1.414214 -1.414214 -0.707107 0 0 0

-1 -1 -1 0 1 1 1 -1.414214 -1.414214 -1.414214 -0.707107 0 0 0

-1 -1 -1 0 1 1 1 -1.414214 -1.414214 -1.414214 -0.707107 0 0 0

-1 -1 -1 0 1 1 1 -0.707107 -0.707107 -0.707107 0 0.707107 0.707107 0.707107

-1 -1 -1 0 1 1 1 0 0 0 0.707107 1.414214 1.414214 1.414214

-1 -1 -1 0 1 1 1 0 0 0 0.707107 1.414214 1.414214 1.414214

-1 -1 -1 0 1 1 1 0 0 0 0.707107 1.414214 1414214 1.414214

N90° N135°

-1 -1 -1 -1 -1 -1 -1 0 0 0 -0.707107 -1.414214 -1.414214 -1.414214
-1 -1 -1 -1 -1 -1 -1 0 0 0 -0.707107 -1.414214 -1.414214 -1.414214
-1 -1 -1 -1 -1 -1 -1 0 0 0 -0.707107 -1.414214 -1.414214 -1.414214
0 0 0 0 0 0 0 0.707107 0.707107 0.707107 0 -0.707107 -0.707107 -0.707107
1 1 1 1 1 1 1 1.414214 1414214 1414214 0.707107 0 0 0

1 1 1 1 1 1 1 1414214 1414214 1414214 0.707107 0 0 0

1 1 1 1 1 1 1 1.414214 1414214 1.414214 0.707107 0 0 0

Sentinel 2A, launched as part of the European
Commission’s Copernicus program on 23 June 2015, was
specifically designed to provide a large amount of data and
images. The satellite is equipped with a multispectral opto-
electronic sensor for surveillance with Sentinel 2A resolution
of 10 to 60 m in the visible, near-infrared (VNIR) and short-
wave infrared (SWIR) spectral ranges.

Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTER
GDEM) with a spatial resolution of 30 m provides topograph-
ic and hydrological information (e.g., elevation and slope and
streams).

All data acquisition periods are characterized by less veg-
etation and snow. All images are projected in the UTM
(Universal Transverse Mercator projection) coordinate system
in the 30-north zone.

Methodology

Several techniques are used in extraction of lineaments and
geomorphological features. The first step is the image pre-
processing to reduce the effect of atmosphere during the avul-
sion of data. Then, the second step is the enhancement tech-
nique to increase the visibility of lineaments that are not de-
lineated by the human eye (Abdullah et al. 2010). The major
steps of lineament extraction are summarized in Fig. 3.

Preprocessing

The pre-processing of the used data consists of radio-
metric and atmospheric correction. Sentinel 2A images
are processed in the SNAP software provided by ESA.

Then, they are resampled at 20 m and converted to
ENVI format. For the ASTER and LANDSAT OLI im-
ages, after radiometric correction, the atmospheric cor-
rection of the ASTER images was performed using the
FLAASH (Fast Line of-sight Atmospheric Analysis of
Spectral Hypercubes) module (Gad and Kusky 2007;
Pour and Hashim 2012).

Processing

Principal component analysis Principal component analysis
(PCA) is an analysis method that allows the simultaneous
study of a large number of variables whose total information
cannot be viewed due to a space of more than three dimen-
sions (Adiri et al. 2017; Mouissi and Alayat 2016). Principal
component analysis (PCA) is commonly used in lithological
mapping and lineament extraction. The aim of this step is the
enhancement of the image from the reduction of noise and
improved targeted information. This method is based on the
mathematical transformation, which can be used to reduce the
dimensionality of the data and to compress as much informa-
tion in the original bands into fewer bands. This useful infor-
mation for the identification of the units that exist in the image
can be correctly compressed into two or three components
(Sedrette and Rebai 2016).

In this study, the principal component analysis (PCA) co-
variance tables indicate that the information is more concen-
trated in PC1 (Table 2): 98.78% 90.78%, and 94.99% for each
of the Landsat OLI, ASTER, and Sentinel 2 images, respec-
tively. Images of PC1 for the three images show that the limits
of relief are very clear and the edges are very obvious (Fig. 4).
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Fig. 5 Four subset filtered images derived from PC1 of Sentinel 2 image.

Directional filters Directional filters are generally used for
edge detection to smooth the image and reduce noise in order
to improve linear structures (fractures and Faults). There
are different types of filters adopted in lineament map-
ping (El Alaoui El Moujahid et al. 2016; Javhar et al.
2019). In this work, we applied directional filters using
7 x 7 matrix in four directions (NO°, N45° N90°, and
N135°) (Table 3). Each resulted filter allows detecting
different orientation systems (Fig. 5).
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Shaded relief Shaded reliefis frequently used in the extraction
of lineaments from DEM (Akame et al. 2013; Mallast et al.
2011). The basis of this method is to change the virtual azi-
muth of the sun maintaining its elevation fix, in order to create
shaded relief. In the present work, the identification of the
structural lineaments from the DEM image was achieved by
creating four shaded relief images. Maintaining solar elevation
at 30° we created four shaded reliefs with a solar azimuth 0°,
45°,90°, and 135° (Fig. 6). The boundaries between shaded
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Fig. 6 Four shaded relief images derived from DEM

and unshaded areas indicate the presence of lineaments
(Abdullah et al. 2010; EI Ghrabawy et al. 2019)

Lineament extraction The automatic extraction of the linea-
ments was carried out by the algorithm LINE EXTRACTION
of the Geomatica software. Various parameters defined by
users are needed the automatic extraction of the lineament
process (Hamdani 2019; Hashim et al. 2013; Sedrette and
Rebai 2016). The process of automatic extraction of the
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lineaments was applied on the four directional filter (NO°,
N45°, N90°, and N135°) for each of the Landsat OLI,
ASTER, and Sentinel 2A images, and also the four shaded
relief of DEM images (N0°, N45°, N90°, and N135°). Due to
the difference in spatial resolution and type of used data the
defended values for automatic extraction in the algorithm are
different (Table 4).

Post-processing is an essential step in lineament extraction. It
consists of controlling and validating the extracted lineaments.
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Table 4 Parameters controlled the automatic extraction of the LINE module

Parameters Signification Range and unit

RADI (filter radius) Radius of filter: it specifies the radius of the edge detection filter; values between 3 and 0-8192 (pixel)
10 are recommended to avoid introducing noise

LTHR It specifies the minimum length of curve to be considered as lineament (a value of 0-8192 (pixel)

Curve length threshold 10 is suitable)

FTHR line fitting threshold It specifies the maximum error (in pixels) allowed in fitting a polyline to a pixel curve. 0-8192 (pixel)
Values between 2 and 5 are recommended.

ATHR It is the maximum angle between two vectors for them to be linked. Values between 0-90

Angular difference threshold 3 and 20 are suitable

DTHR (linking distance threshold)

It specifies the minimum distance between the end points of two vectors for them to

0-8192 (pixel)

be linked. Values between 10 and 45 are acceptable

The post-processing of the images was performed using ArcGIS
software. First, we delete the repetitive segments. Subsequently,
we delete the non-geological lineaments (River, Ridge Line,

340000 350000 360000
1 1

road, rail bitumen ...) by superimposing our results to topograph-
ic and geological maps and Google Earth images and field work.
Based on these steps four synthetic maps were elaborated for
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each satellite image Landsat OLI, ASTER, Sentinel 2A, and
DEM (Figs. 7A, 8A, 9A, and 10A).

Results and discussion

Statistical analysis of four types of satellite images determi-
nates a number of lineaments extracted from Landsat OLI and
Sentinel 2A (images are 4985 and 7356, respectively) (Figs.
7C and 8C), while the number of lineaments extracted from
ASTER and DEM images is 3940 and 4925, respectively
(Figs. 9C and 10C). The results obtained show that the
Sentinel 2A image allows extracting more lineaments than
the others satellite images. Length frequency diagram of the
Landsat OLI image shows that the length of the extracted
structural lineaments is between 0.9 and 14 km (Fig. 7D) in
which the majority of the extracted lineaments are between 0.9
and 1.2 km long. The length of the extracted structural linea-
ments from the Sentinel 2A image is between 0.6 and 9 km

(Fig. 8D) where the majority of the extracted structural linea-
ments are between 0.6 and 0.86 km. The length of the struc-
tural lineaments in the ASTER image is between 0.9 and
21 km (Fig. 9D), where the majority of the lineaments are
between 0.9 and 1.4 km in length. The length of the structural
lineaments in the DEM image is between 0.5 and 10 km (Fig.
10D) where the majority of the structural lineaments are be-
tween 0.5 and 0.6 km in length.

The results obtained by the automatic extraction of struc-
tural lineaments show the complementarity between the four
types datasets, whereas the Sentinel and DEM images allow
the extraction of the smallest structural lineaments, while the
ASTER image allows the extraction of the longest lineaments.

The rose diagram of the Landsat OLI image shows that the
main directions of the lineaments are NEE-SWW, NNE-SSW,
and NE-SW (Fig. 7B). While in the direction of the lineaments
in the Sentinel 2A image, the rose diagram shows that the
direction of the lineaments is NEE-SWW, NNE-SSW (Fig.
8B). The direction of the lineaments according to the rose
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Fig. 9 A Synthetic maps from ASTER image with superposition of the results and the structural map of Ibouh (2004), and geological map of Choubert
et al. (1956), B rose diagram of lineaments, C basic statistics of automatic lineaments maps, and D length frequency diagram of lineaments

diagram of the ASTER image indicates that the direction of
the lineaments is mainly NE-SW and E-W (Fig. 9B). The
direction of the lineaments extracted from the DEM image
presents that the direction of the lineaments are NE-SW and
NEE-SWW (Fig. 10B). Lineament direction analysis results
from the four satellite images are generally oriented NNE-
SSW and NEE-SWW, NE-SW, and E-W.

The superposition of synthetic maps of structural linea-
ments shows that the fractures are grouped into families: some
fractures follow the direction of major faults and others are
perpendicular (Figs. 7A, 8A, 9A, and 10A).

A comparison of the fracture orientation shows a good
correlation with previous work in the Central High Atlas.
The Benammi seismic survey (Benammi et al. 2001) grouped
the direction of the faults into three families that are N040-
050, N070-090, and N110-120; these are similar to the field
measurements made by Laville (1985, 1988); N90° + 10°E
(E-W), N120° + 10°E (NW-SE), and N45° + 10°E (NE-SW).
The work on the extraction of lineaments from spatial data in

@ Springer

the Central High Atlas used Landsat ETM images: the direc-
tion of the lineaments according to El Alaoui El Moujahid
et al. (2016) and the main orientations are ENE-WSW,
WNW-ESE, NE-SW, and NW/SE, while Nouayti et al.
(2017) showed that the direction of the lineaments is from
NE-SW to E-W.

The results obtained in this work indicate that the use of
different satellite data by applying automatic lineament extrac-
tion makes it possible to detect different families of fractures
in order to understand the influence of Alpine orogeny in the
central High Atlas

Lineament density

The analysis of lineaments density maps from Landsat OLI,
Sentinel 2, ASTER, and DEM (Fig. 11) allows us to extract a
common result, in which the concentration of lineaments is
very high in the north-eastern part of the study area. Adding
to this common result the lineament density maps of the



Arab J Geosci (2020) 13: 768

Page 130f 19 768

340000 350000 360000
1 1

Rose Diagram

390000 400000 k4 b
1 1

MideTt

~

3610000
1

3560000 3570000 3580000 3590000 3600000
1

3550000

300

2
3 250

2

3610000

3600000

o 250

300

3590000

Legend 10 5 0 10 Km

Lineaments

Major Faults

) c
g Count 4925
8 Minimum 0,521368
Maximum 10,031786
S Sum 5068,711484
§ Mean 1,02918
° Standard 0,598449
Deviation
Nulls 0
S d
« 1500
=
- s8]
R-J= !
g 1000
=
S
= 500
o
N £
>
w<¢5 = i} - y y
s [0521;0697) [3866; 4044)  [7.742,7918)
Lenght(Km)

Fig. 10 A Synthetic maps from DEM image with superposition of the results with the structural map of Ibouh (2004), and geological map of Choubert
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Landsat OLI, Sentinel 2A, and DEM image show that the
lineament concentration is remarkable between the major ac-
cidents of Tizi n’Ferst, Ait Athman, and the South Atlasic
accident. However, the lincament density map of the
ASTER image shows that fracturing is concentrated in the
major accidents of N’zala at the Azag basin.

Factors controlling lineament distribution
Geological factors

In order to perform a geological interpretation for understand-
ing the spatial distribution of lineaments in the study area. The
superposition of the lithological map extracted from the geo-
logical map (Fig. 12) (Choubert et al. 1956; Dubar 1949) and
the lineament density maps shows that the concentration of
lineaments is higher in competent formations, which are

represented by platform formations including Early Jurassic
limestone and dolomite.

In the study area, the concentration of structural linea-
ments follows the direction of major faults. This distribution
of fracturing is controlled by the genesis of the Atlas chain
where fracturing is decreased from East to West, in exception
Jebel Ayachi. This variation is related to the rate of shorten-
ing of the Alpine orogeny (Benammi et al. 2001).
Interpretation of the northeastern fracture is important in the
study area due to the high overthrusting between the Tizi
N’Tlghamt and N’Zala faults. Moreover, the influence of
the diapirism phenomenon of the Triassic formations in the
Mougueur region where the uplift of evaporitic formations
favors the fracturing of carbonate rocks of Jurassic age. In
the southeastern part of the study area, fracturing is related to
the dynamics of the Tizi n’Fesrt, Athman, and South Atlas
faults.
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Topographic factors 14A. The lineament direction is manly NE-SW, and E-W with

predominance NNE-SSW and NEE-WSS (Fig. 14 B):
Slope images derived from a digital elevation (DEM) identified
by a degree or a percentage (Adiri et al. 2017; Hassan and Adhab
2014). A slope map shows the topography by expressing the
change in elevation where high values suggest steep slopes and
low values correspond to flat areas. High values in the slope
image correspond to abrupt changes, which may represent prob-
able lineaments.

The superposition of the slope map of the DEM image and the
lineaments extracted Landsat OLI, Sentinel 2, ASTER LB, and
DEM (Fig. 13) shows that the concentration of lineaments is
important in areas with very steep slopes; abrupt changes in
values are often key indicators of the presence of linear structure.

Conclusion

The automatic mapping of structural lineaments minimizes
the time spent in the field and gives a general idea of the
dynamics of the region. In this work, four different types of
images were used: Landsat OLI, ASTER, Sentinel 2A, and
DEM. Following a specific methodology to extract the max-
imum of lineaments in order to compare and combine the
results of four images. The synthetic map of structural linea-
ments obtained gives a detailed lineament map more than the
maps obtained by conventional methods. The direction of the
Final map analysis lineaments is grouped into families with average orientations

NE-SW and E-W, with the dominance of the NNE-SSW, and
The combination of the extracted lineaments according to the =~ NEE-WSS. Lineament distribution was controlled by the
four datasets (Landsat OLI, Sentinel 2A, ASTER, and ASTER  geodynamic and tectonic phases of the Alpine orogeny. This
GDEM) after deleting the doubled lineaments is shown Fig.  distribution of structural lineaments is related to the dynamics
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and deformation rate of the Alpine orogeny in the study area,
where the concentration of lineaments is higher at major faults
and the contribution of the Triassic formation phenomenon

increases the fracturing of Jurassic rocks.

@ Springer

The results obtained in this work show the efficiency of

remote sensing in mapping; it allows the extraction of struc-
tural lincaments that are difficult to detect by classical
methods. The application of geostatistical methods (lineament
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density, lineament length, statistical tables) provides the re-
searcher with several information and data to understand the
geodynamics of the region. The results of this work will be
useful in future research and are usable in the exploration of
petroleum, groundwater, and mineralization deposits in the
Central High Atlas due to the lithological and structural char-
acteristics of the region.

Nomenclature PCA, Principal component analysis; OLI , Operational
Land Imager; ASTER , Advanced Spaceborne Thermal Emission
Reflection Radiometer; GDEM, Global Digital Elevation Model;
VNIR, The visible/near-infrared; SWIR, The short-wave infrared; TIR,
Thermal infrared; UTM, Universal Transverse Mercator projection; GIS,
Geographic Information System
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