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A B S T R A C T

An automated lineament extraction model was successfully applied in the mountainous region of
Ait Semgane, Morocco, enabling the identification of geological and tectonic linear features. Our
research implemented several approaches including Topographic Position Index (TPI), shading,
and Digital Elevation Models (DEMs), as input for the lineament extraction algorithm and applied
to various Dems. We aimed to compare all of these strategies to determine the optimal method
and the most favorable input DEM. Results revealed variable performance among methods, em-
phasizing the importance of choosing the optimum method based on specific objectives. TPI and
Hillshade methods showed high sensitivity in detecting lineaments, while ALOS PALSAR and
Sentinel 1 InSAR datasets were effective for subtle features. Lineament density exhibited specific
orientations for highly-dissected zones, with TPI highlighting NE-SW and E-W orientations. Lin-
eament orientations demonstrated consistency with established geology, confirming pre-existing
tectonic knowledge. Cartographic analysis of faults emphasized the success of the SRTM DEM
model with the TPI method, highlighting significant faults. Results also revealed a concentration
of faults in the NW and southern sectors, corroborating bibliographic references and the well-
documented tectonic setting of the study area. This automated methodology facilitated lineament
extraction in unmapped areas, reinforcing the validity of the undertaken cartographic analysis.

1. Introduction
The Earth's surface configuration is shaped by the combined influence of internal factors such as tectonism and volcanism, along

with external processes like weathering and erosion (Jordan et al., 2005; Anbalagan and Singh, 1996). These processes, in conjunc-
tion with rock types, existing structures, and the distribution of soils and other surface materials, contribute to the formation of signif-
icant geographical and geological features such as faults, folds, and fracture zones (Ramli et al., 2010; Anbalagan, 1992). Among
these features are lineaments which may indicate topographical and geological (structural) linear features.

The term "lineament" was first introduced in the early 20th century to describe surface features (Martial et al.; HOBBS, 1904).
Over time, this term has evolved, leading to new interpretations and definitions of lineaments (van der Pluijm et al., 2004). According
to (O'Leary et al., 1976), lineaments are linear features identifiable on the Earth's surface, characterized by specific patterns of ele-
ments arranged in coherent, straight, or slightly curved structures.
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Over the years, several studies have attempted to extract lineaments using various data and methods, yielding diverse and some-
times contradictory results. The diversity of these methods and the disparities in their results highlight the importance of a rigorous
comparative study to determine the optimal method for lineament extraction, especially in specific geographical contexts.

In the field of geosciences, accurate extraction of lineaments is crucial for understanding various geological (Sichugova and
Fazilova, 2020), tectonic (Kokinou and Panagiotakis, 2020), and environmental phenomena (Sichugova and Fazilova, 2021)
(Sichugova and Fazilova, 2024), whether they have a geological, geomorphological, or artificial nature (Ahmadi and Pekkan, 2021).
The use of Digital Elevation Models (DEMs) and detailed lineament analysis is now indispensable for applications such as mineral ex-
ploration (Kokinou and Panagiotakis, 2020; Sichugova and Fazilova, 2021; Sichugova and Fazilova, 2024), seismic risk assessment
(Moustafa et al., 2022), management of groundwater resources (Es-sabbar et al., 2020; Manuel et al., 2017; Shebl et al., 2021;
Moustafa et al., 2022) and engineering constructions (Rahnama and Gloaguen, 2014), providing essential insights into the underlying
terrain structure. This approach helps reduce subjectivity and the time required for manual analysis, with widespread applications in
other areas of geoscientific research (Takorabt et al., 2018; Magaia et al., 2018). However, the precise identification and mapping of
lineaments have long been a significant challenge for researchers and geologists.

Digital Elevation Models are 3D representations of a terrain's surface created from terrain elevation data. They are widely used in
geospatial analysis for various applications including lineament extraction. High-resolution DEMs can provide detailed topographic
information and are useful for identifying large-scale geological features and terrain characteristics (Zhou, 2017). However, the qual-
ity of DEMs can vary depending on the resolution and data source, and processing high-resolution data may require significant com-
putational resources. DEMs have been extensively used in geological studies for mapping terrain features and extracting lineaments.

For this study, we selected four widely recognized Digital Elevation Models in the scientific community: ALOS World 3D, S1 InSAR
DEM, ALOS PALSAR, and SRTM. Each of these DEMs offers distinct characteristics that cater to specific needs in terrain analysis.
ALOS World 3D, produced by the ALOS satellite, stands out with its high resolution of 5 m (Altinoğlu et al., 2015), allowing for the
identification of fine linear features (Cardoso-Fernandes et al., 2022). However, it may exhibit data gaps in densely vegetated or ur-
ban areas. The S1 InSAR DEM, utilizing Sentinel-1's interferometric radar technology, provides accurate elevation data ideal for de-
formation studies, although it requires complex processing (Wu and Lee, 2007). ALOS PALSAR, based on the L-band synthetic aper-
ture radar from the ALOS satellite (Cardoso-Fernandes et al., 2022), offers a 12.5-m resolution and can penetrate vegetation cover,
which is advantageous in densely wooded regions. However, it can be affected by atmospheric conditions. The SRTM, produced by
the Shuttle Radar Topography Mission, features a 30-m resolution and is widely available, ensuring consistent global coverage
(Elmahdy et al., 2021), though it has a lower resolution compared to other sources.

The TPI is a method that compares the elevation of each point on the terrain with the average elevation of neighboring points
within a specified radius. It helps in identifying topographic features such as ridges, valleys, and flat areas (Knitter et al., 2019). TPI is
effective in distinguishing between different topographic features and provides a detailed analysis of local topography. However, the
choice of neighborhood size (kernel size) can significantly affect the results and requires careful calibration to match the terrain char-
acteristics (Bufalini et al., 2021). T

The Hillshade method simulates the illumination of a terrain surface by a light source to create a shaded relief map (Farmakis-
Serebryakova and Hurni, 2020). This technique enhances the visualization of terrain features by highlighting slopes, ridges, and val-
leys. Hillshade analysis is simple to implement using GIS software and helps in identifying linear features that may not be visible in
the raw elevation data. However, the effectiveness of the Hillshade method depends on the angle and direction of the simulated light
source and may not accurately represent features in areas with complex topography.

These methods were chosen for their ability to provide a detailed and visual understanding of geological and anthropogenic struc-
tures in the complex mountainous region of Ait Semgane, and their effectiveness has been validated by previous studies on geomor-
phological analysis and lineament extraction (Table 1).

The primary objective of this study is to conduct a comprehensive and comparative evaluation of the effectiveness of various
DEMs in the lineament extraction process, utilizing remote sensing data and Geographic Information System (GIS) technology (Tang,
2014). We specifically focus on the analysis of four widely adopted digital elevation models in the scientific community: ALOS
WORLD 3D (AW3D) with a resolution of 5 m, S1 InSAR DEM with a resolution of 10 m, ALOS PALSAR with a resolution of 12.5 m,
and SRTM from ASTER with a resolution of 30 m. To achieve this, we employ three distinct methods: direct extraction from DEMs
(Bourjila et al., 2021; Rahnama and Gloaguen, 2014), the TPI method (Šilhavý et al., 2016; Lu and An, 1999) and the Hillshade
method (Zhou, 2017; Altinoğlu et al., 2015). These data are complemented by in-depth statistical analysis and precise photogeologi-
cal interpretation. This comprehensive process aims to gain insights into the spatial concentration and orientation of lineaments in
the study area, paving the way for significant advances in geological mapping and modeling complex terrestrial phenomena. The
thorough comparison seeks to provide researchers and professionals with guidance on the optimal selection of DEM based on the spe-
cific needs of their study area.

2. Geomorphological and geological parameters
2.1. Geographic location

The study area, depicted on the 1/50,000 geological map of Aït Semgane, is situated southeast of Ouarzazate in the Zagora
province, Tansifte commune, Morocco (Fig. 1). Geographically, it is part of the southern section of the Central Anti-Atlas. The coordi-
nates of the area range between latitudes 31°30'N and 31°45'N and longitudes 6°30'W and 6°45'W. The area exhibits diverse relief
types influenced by climatic, lithological, and tectonic factors.
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Table 1
Comparison of results from studies related to lineament extraction using various techniques and data.

Reference Used data Method Results

Yun and Moon
(2001)

DEM produced at 1:50,000 scale with
a sampling interval of 1 arc second
(approximately 30 by 30 m)

Drainage network The method employed terrain slope analysis and a hierarchical Hough
transform. The results illustrated that the method successfully
extracted linear features, providing valuable information for
geological interpretation.

Villalta Echeverria
et al. (2022)

ALOS PALSAR DEM (12.5m) TPI The study identified 76 geological lineaments, including faults,
anticlines, and synclines. The lineaments exhibited a preferential NE-
SW orientation and an important family of NW-SE orientations. The
methodology presented in the study can optimize time and reduce
costs in gathering structural information for geological and mining
prospecting.

Abdullah et al.
(2010)

SRTM DEM Slope image created from
digital elevation models

The results show a positive correlation between the extracted
lineaments and the geological structures of the region. The data used
includes a DEM, topographic maps and field observations.

Abdelkareem et
al. (2020)

Landsat-8/Sentinel-
1/ALOS/PALSAR/ACP/MNF

Simple extraction (using
PCI Geomatics LINE tool
for automated extraction)

The use of Sentinel-1 and SRTM digital elevation models has provided
enhanced terrain perspectives. The results have highlighted dominant
linear features, including north-south foliations associated with tight
folds and major strike-slip faults

Shebl and Csámer
(2021)

Landsat OLI, ASTER, Earth Observing-
1 Advanced Land Imager, Sentinel 2A,
Sentinel 1, ALOS PALSAR, SRTM,
NASA, ASTER V3

The lineaments extraction
was accomplished by
integrating edge
detection and line linking
algorithms

The results indicate that optical sensors used are less effective than
DEMs with the same spatial resolution. Sentinel-1 radar data
outperforms optical data sources. The ALOS PALSAR DEM (12.5m) is
more suitable than any other type of data used, including Sentinel-1
data (10 m)

Javhar et al.
(2019)

Landsat-8, Sentinel-2A, Sentinel-1A Automated approach Sentinel-1A radar images demonstrated the highest correlation among
automatically extracted lineaments, manual interpretation, and the
existing map of lineaments. Radar data enabled the extraction of 5872
and 5865 lineaments for VH and VV polarizations respectively,
whereas Landsat-8 and Sentinel-2A optical data extracted 2338 and
4745 lineaments respectively.

Ahmadi and
Pekkan
(2021)

TM, ETM+, OLI/TIRS, ASTER et
Sentinel 2, Sentinel 1, InSAR, ALOS
PALSAR

Manual and automated
techniques

The review highlights the importance of remote sensing techniques in
identifying geological lineaments and underscores the necessity of
integrating both manual and automated approaches to achieve
accurate results

Ghosh et al.
(2021)

SAR data Lineament extraction
module (LINE) in PCI
Geomatics software

The SAR sensor parameters, such as frequency, polarization, and
viewing angle, play a crucial role in enhancing performance for a
specific application. The study also analyzes the spatial distribution of
lineaments concerning the local structural regime, thus providing a
better understanding of the regional tectonic configuration.

Soliman and Han
(2019)

SRTM V3 Manual techniques (based
on visual interpretation)
and automated
techniques

The study demonstrates the importance of vertical accuracy in DEMs
for the accuracy of lineament extraction. The appropriate choice of
DEM can significantly enhance the quality of extraction results. This
underscores the importance of accurate evaluation of DEMs in remote
sensing-based geological applications

Hashim et al.
(2013)

ASTER GDEM/Landsat-8 OLI B5 Wavelet transform The article achieves a precise match with major faults such as
Kuangshanchang Fault, Dongtou Fault, and Niulan River Fault.

Rauf et al. (2023) DEMNAS Automated approach The article provides a comprehensive analysis of geothermal
lineaments in a geologically complex region, demonstrating its
practical applicability in the field of geothermal exploration. The
predominant structure exhibited a northeast-southwest (NE-SW) and
northwest-southeast (NW-SE) orientation.

Tende et al.
(2022)

Aster DEM Manual and automated
approach techniques

The study introduces an innovative hybrid methodology combining
both automatic and manual extraction of lineaments. This hybrid
approach provides a solution to the challenges associated with
lineament extraction by combining the speed of automation with the
accuracy of manual extraction.

Ahmadi and
Pekkan
(2021)

Landsat, ASTER, Sentinel 2, SRTM
DEM, SAR, InSAR, Sentinel 1

Manual, semi-automated,
and automated

This paper provides a systematic review of remote sensing techniques
and data sets used for the analysis of geological lineaments, which are
important features related to tectonic activity, minerals, faults,
groundwater, earthquakes, and geomorphology.

Kokinou and
Panagiotakis
(2020)

Slope and aspect images and their
derivatives

Combine slope and aspect
images to compute an
enhancement image F
that highlights seafloor
texture and lineaments

The proposed method of multiple filtering and skeletonization can
accurately extract tectonic lineaments and seafloor features related to
evaporite movements, even with limited ground truth data. The
accuracy of the lineament extraction depends on the quality of the
bathymetric data (DEM). Robust criteria like detection strength,
length, direction, and spatial distribution of the lineaments can be
used to interpret the bathymetric patterns and distinguish between
tectonic and evaporite-related features.
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Fig. 1. (a) Geographic location of the study area & (b) Digital elevation model S1InSaAR of the study area.

This region was chosen for the study due to several compelling reasons. Firstly, the Central Anti-Atlas is known for its complex ge-
ological structure, making it an excellent case study for analyzing lineaments and understanding their formation and distribution. The
area is characterized by significant tectonic activity, which has resulted in a variety of geological features that are ideal for anthro-
pogenic linear objects. Furthermore, the presence of diverse lithological units provides an opportunity to examine the influence of dif-
ferent rock types on lineament formation. Additionally, the region's accessibility and existing geological data, such as the 1/50,000
geological map, facilitate detailed fieldwork and data validation. Importantly, this area has not been the subject of a similar compre-
hensive study before, making it a novel site for investigating the spatial distribution and characteristics of lineaments. Studying this
area can provide valuable insights into the geological evolution of the Anti-Atlas and contribute to broader geospatial and geotectonic
research.

2.2. Geomorphology
According to the comprehensive study of the Saghro's geomorphology and its impact on the Saharan region conducted by (Riser,

1988), the study area exhibits a remarkable configuration. It comprises a high mountain range, acting as a veritable water tower on
the edge of the desert and playing a crucial role in the Pleistocene evolution of surrounding valleys and plains. The central part of the
region is predominantly composed of resilient granites and volcanic rocks, with peaks surpassing 1800 m in altitude (Riser, 1988)
(Fig. 2). Other geological formations, less resistant such as sedimentary or magmatic rocks, have eroded to form extensive mountain
plains situated between 1300 and 1500 m in altitude (Abdelkareem et al., 2020). The alternation of hard and soft geological layers
has been instrumental in shaping the observed morphological structures.

The climatic variations have played a predominant role in the morphological evolution and diversity of geomorphological features
in the region (Walsh et al., 2012). Their variety and complexity are attributed to the proximity of the Saghro to the Sahara. The hydro-

Fig. 2. Map of the hydrographic network in the study area.



Remote Sensing Applications: Society and Environment 36 (2024) 101321

5

M. Ali EL-Omairi et al.

graphic network of the study area is highly developed, with a preferential north-south and east-west orientation, as illustrated in Fig.
2.

The Draa and Tansift rivers are among the most important, while the tributary Assifs of the Draa are among the least significant
(Bajja, 1987).

The climate in the area is arid, as highlighted by (Riser, 1988) and (Agoussine et al.). The vegetation is characterized by the pres-
ence of thorny acacias, jujubes, oleanders, and palm trees near water points (Batchelor and Bowden, 1985). Clumps of wormwood,
lavender, and other plants are also found, providing pasture for the numerous sedentary and nomadic animals in the region
(Batchelor and Bowden, 1985).

2.3. Geological context
The Anti-Atlas, located on the northern edge of the West African Craton, has been the site of Eburnean, Pan-African, and Hercyn-

ian orogenies that occurred in chronological order during the Palaeoproterozoic, Neoproterozoic, and Paleozoic eras, respectively,
shaping successive crowns along the Craton's edge and thus expanding it (Leblanc, 1975).

In the Proterozoic era, formations from the Middle and Upper Neoproterozoic (NP2i, NP2s, NP3i, and NP3s) are well-represented
in the region (Emran and Chorowicz, 1992). These formations encompass a variety of rocks such as volcanic rocks, granite intrusions,
conglomerates, sandstones, siltites, and shales (Fig. 3) (Leblanc and Lancelot, 2011). Major unconformities separate these sets, mark-
ing key phases in the geological evolution of the region.

In the Paleozoic era, the post-Ediacaran cover predominates, occupying the majority of the Aït Semgane region. This cover is com-
posed of conglomerates, sandstones, siltstones, dolomites, and basalts, representing the Cambrian and lower Ordovician epochs (Fig.
3). These formations bear witness to a succession of sedimentary strata characteristic of the Paleozoic era (G and Choubert, 1986).

Fig. 3. Geological map of the study area, based on Yazidi et al. (Yazidi et al., 2008).
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In the Quaternary, the region has been marked by cycles of erosion and fluvial deposits in response to climatic changes (Görler et
al. Jacobshagen, 1988). Quaternary deposits (alluvium and conglomerate) include terraces and alluvial fans formed during glacial
and interglacial periods (Nahid, 2001). These cycles are linked to climatic variations, with phases of intense erosion during rainy peri-
ods, followed by gravel and sand deposits by rivers (Görler et al. Jacobshagen, 1988).

2.3.1. Structural context
Numerous faults cut across the terrains in the area. The oldest faults run along the edge of the NP2i formations in the Bou Azzer-El

Graara graben. This fault zone corresponds to the major fault of the Anti-Atlas (Fig. 4), separating the West African craton and its con-
tinental margin to the south from a volcanic arc to the north (Riser, 1988; Batchelor and Bowden, 1985; Leblanc, 1975).

The major deformation in the region occurred during the PA2 event, with vertical to steeply south-dipping faults and lineation in-
dicating dominant NE-SW-directed thrusting (Hefferan et al., 2000).

The metabasalts and serpentines are strongly foliated in the major fault zone of the Anti-Atlas fault in the area, and the most visi-
ble lineations dip slightly to the west. The entire area exhibits a dominant overlap with a main stress direction of NE-SW during PA2
(D'Lemos et al., 2006).

In the cover, the Hercynian E-W folds and faults are generally consistent with the rotation of the stress field, possibly inheriting the
direction of the ancient Pan-African faults (Görler et al. Jacobshagen, 1988). Some faults in the cover show normal or sinistral move-
ments, reflecting the reactivation of antithetic PA3 faults in the basement (Admou, 2011).

3. Materials and methods
In the context of this study, a precise methodology was employed to optimize the extraction of lineaments from different sources

of DEMs. Data were acquired from ALOS World 3D (5m), S1 InSAR DEM (10m), ALOS PALSAR (12.5m), and SRTM (30m). After pre-
processing, including the creation of TPI and hillshade models, the automatic extraction of lineaments was performed using the line
module of PCI Geomatica 2018. The extracted lineaments underwent visual inspection, filtering, and in-depth analysis using Google
Earth. This approach aimed to exclude lineaments that did not correspond to specific geological features, such as rivers or layer
boundaries. Fig. 5 illustrates the overall flowchart of the procedure executed in this study.

Fig. 4. Map of major faults in the study area (Yazidi et al., 2008).
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Fig. 5. Methodology employed in this study.

3.1. Data acquisition
The data utilized in this study encompass DEMs from diverse sources, each possessing specific resolutions tailored to meet the

analysis requirements.
Precise topographic details were derived from the high-resolution ALOS World 3D data, offering an intricate view of the study ter-

rain. S1 InSAR DEM provided a broader perspective while retaining ample resolution to identify crucial features. ALOS PALSAR com-
plemented the analysis by offering an intermediate view between finer resolutions, ensuring a comprehensive understanding of the
terrain.

To contextualize topographic features on a broader scale, SRTM data was integrated. Despite a slightly lower resolution, these
data played a crucial role in obtaining an overarching view of the terrain, facilitating a comprehensive analysis of lineaments within
their global context.

3.2. Data preprocessing
The meticulous preparation of raw data was a crucial step in the methodology, ensuring accurate and reliable results in the analy-

sis of lineaments. To begin, the data underwent a thorough examination and correction process to eliminate potential errors and en-
sure consistency. This procedure enabled the detection and rectification of possible inconsistencies, such as sensor artifacts, outliers,
and topographic anomalies, thereby ensuring the reliability of the information used in our geological analysis.

The digital elevation models was analyzed using the TPI and the Hillshade method. The TPI was computed for each specific point
on the terrain. This method involves comparing the elevation of each point with the average elevation of neighboring points within a
certain radius (Fig. 6) (Görler et al. Jacobshagen, 1988; Nahid, 2001).

By calculating this ratio, we were able to identify precise topographic variations at each location, distinguishing between ridges
and valleys and thus revealing subtle details of local topography. Positive TPI values indicate elevations higher than the local average,
while negative values indicate depressions or lowlands (Knitter et al., 2019), allowing for a detailed analysis of terrain features at the
local scale.

This index is computed in ArcGIS using the "Focal Statistics" tool, which calculates the local average elevations in a defined neigh-
borhood around each point in the DEM. This local average served as a reference for each location, enabling us to understand specific
topographic variations at each point.

Next, the "Minus" tool was used to subtract the original DEM from the raster representing the calculated local average. This opera-
tion resulted in the creation of the TPI, highlighting local topographic fluctuations, ranging from ridges to valleys.
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Fig. 6. Principle of the TPI, based on Knitter et al. (Knitter et al., 2019).

The window size, or kernel size, is a critical parameter in TPI analysis as it defines the neighborhood over which the local average
elevation is calculated (De Reu et al., 2013). In this study, the choice of window size was based on a balance between capturing mean-
ingful topographic features and avoiding excessive smoothing of the terrain. Given the different resolutions of the DEMs used in this
study (ALOS WORLD 3D at 5 m, S1 InSAR DEM at 10 m, ALOS PALSAR at 12.5 m, and SRTM at 30 m), the kernel size was adjusted to
reflect the scale and resolution of each dataset. Specifically, we used a larger kernel size for lower resolution DEMs to ensure that sig-
nificant topographic features were captured adequately, while a smaller kernel size was applied to higher resolution DEMs to avoid
oversmoothing and to retain detailed local variations.

The resolution of the DEM significantly affects the outcome of the TPI analysis. Higher resolution DEMs provide more detailed and
accurate representations of the terrain, allowing for the identification of finer topographic features (Wu et al., 2008). However, they
also require a smaller kernel size to prevent the loss of detail. Conversely, lower resolution DEMs tend to generalize the terrain fea-
tures, necessitating a larger kernel size to capture broader topographic patterns effectively.

In mountainous terrains, such as the study area, this adjustment is particularly important. A carefully chosen kernel size ensures
that both major landforms and minor features are appropriately represented in the TPI analysis. The results obtained from different
DEMs were compared to assess the consistency and reliability of the extracted lineaments, considering the inherent resolution and
topographic complexity of each dataset.

Simultaneously, the Hillshade model was generated to create striking visual representations of the terrain. By simulating the angle
and intensity of sunlight, these models produced realistic shadow and light effects on the relief (Najafifar et al., 2019) (Fig. 7).

The details such as ridges, aspects (Fig. 8), and slopes (Fig. 9) have been clearly defined, making it easier to visually identify im-
portant topographic features. This dynamic visualization has been crucial for discerning subtle variations in the terrain, aiding in the
identification of potential lineaments.

Area's exposure refers to the orientation of the terrain surface in relation to the cardinal directions (north, south, east, west). It is
an important topographic feature because it influences the amount of sunlight and wind a specific area receives, which in turn affects
vegetation growth, soil moisture, and erosion patterns. In geomorphological studies, understanding the exposure of different areas
helps in analyzing how these environmental factors influence the development and distribution of landforms and geological struc-
tures.

Aspect is a specific component of area's exposure and refers to the direction a slope faces. It is typically measured in degrees, with
0° representing north, 90° east, 180° south, and 270° west. Aspect maps, such as the one shown in Fig. 9, visually represent the direc-
tion of slopes across the study area. By analyzing aspect, researchers can gain insights into the geomorphological processes at work,
such as the influence of prevailing winds and the direction of water flow, which are critical for identifying and understanding the dis-
tribution of lineaments and other geological features.

These preliminary steps have laid a solid foundation for our subsequent analysis of lineaments, ensuring the quality of the results
obtained (Fig. 10).

Fig. 7. Principle of the Hillshade model (modified from (Horn, 1981)).
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Fig. 8. Map of the study area's exposure.

Fig. 9. Map of the study area's slopes.

3.3. Data processing
In the realm of geospatial analysis, precise extraction of linear features is essential for understanding the geological and topo-

graphical characteristics of the terrain. PCI Geomatica, one of the most sophisticated and versatile software in the field, offers a pow-
erful and specialized tool for this crucial task: the LINE Module (Lineament Extraction). This module relies on cutting-edge algo-
rithms, combining edge detection and curve extraction techniques to accurately identify discontinuities and linear structures in
geospatial data (El-Naqa et al., 2010).

One key feature of the LINE Module lies in its flexibility. It provides a diverse range of customizable parameters, allowing users to
finely adjust detection thresholds, minimum lineament lengths, and other essential criteria. This ensures precise adaptation to various
geological and topographical conditions, maximizing the accuracy of results (Salui, 2018).

The LINE Module also stands out for its intelligent multi-stage approach. It begins by applying the Canny edge detection filter, an
algorithm renowned for its robustness and precision (Salui, 2018). Subsequently, curves are extracted from the detected edges, and
these curves are transformed into lineaments through meticulous adjustment of line segments. This meticulous process ensures reli-
able results, even in areas where linear features are subtle or complex. Key parameters significantly influencing edge detection and
curve extraction are carefully selected to guarantee reliable and accurate results (Fig. 11).

The parameter values were chosen after careful testing and iterations to ensure accurate detection of lineaments. The filter radius
was set to 5 pixels, a value small enough to capture fine details of the lineaments without introducing too much noise. This choice was
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Fig. 10. TPI model (a) and Hillshade model with an azimuth of 90 from S1 InSAR DEM (b).

Fig. 11. LINE module parameters in Geomatica software.

made after testing smaller and larger values, finding that 5 pixels offered a good balance between noise reduction and detail preserva-
tion.

The edge gradient threshold was set to 5. This threshold was chosen to detect significant changes in the image gradient, which are
crucial for identifying lineament edges. A value of 5 was deemed optimal after several manual adjustment iterations, as lower values
detected too much noise, while higher values missed important lineaments.

The curve length threshold was set to 10 pixels, determining the minimum length of detected curves. This value ensures that only
significant curves are extracted, eliminating small artifacts. Lower values included segments too short to be relevant, while higher
values omitted potentially important lineaments.

The line fitting error threshold was set to 100 pixels. This threshold allows for some tolerance in the line fitting process, capturing
lineaments with flexibility without being too strict. Stricter values led to the elimination of real lineaments, while more tolerant val-
ues included too much noise.

The angular difference threshold was set to 10°, controlling the acceptable angular difference for connecting line segments. This
value allows for some flexibility while maintaining accuracy. Smaller values limited segment connection, and larger values increased
connection errors.

Finally, the linking distance threshold was set to 5 pixels, determining the maximum distance for connecting line segments. This
value connects nearby segments without linking unrelated segments. Larger values connected unrelated segments, while smaller val-
ues failed to connect relevant nearby segments.
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To ensure consistency and allow for direct comparison of results, the same parameter values were used for all approaches in this
study. This approach guarantees that any observed variations in the results are attributable to differences in the methodologies them-
selves rather than the chosen parameters.

3.4. Post-processing
3.4.1. Visualization and filtration of lineaments

In the methodology, the step of visualizing and filtering lineaments is orchestrated with a high level of expertise, fully leveraging
the advanced capabilities of Google Earth. Through Google Earth, we have access to detailed three-dimensional observation of the
terrain, providing a complete immersion into the extracted lineaments. This immersive visualization facilitates an in-depth explo-
ration of linear features, highlighting the subtleties of their spatial arrangement. It has allowed us to examine each lineament from
various angles and perspectives, enriching the understanding of complex geological structures.

The filtering of lineaments is a crucial step aimed at refining the selection. By applying rigorous criteria such as length, orienta-
tion, and relationships with other geological formations, we selectively filter lineaments to retain only the most relevant features.
This meticulous approach ensures that only geologically significant lineaments are preserved, eliminating background noise and irrel-
evant elements (Fig. 12). This rigorous process enables us to obtain precise and reliable data, essential for our in-depth analysis of ge-
ological structures in the study area.

3.4.2. Lineament analysis
Quantitative and qualitative methods were employed to analyze the lineaments. In the quantitative aspect, a statistical analysis

was conducted, focusing on the number, length, and density of lineaments. These analyses were performed using ArcGIS 10.8.2 soft-
ware, involving detailed calculations and processes. This rigorous approach allowed us to obtain precise and reliable data, serving as
the basis for the in-depth study of linear features in the study area.

3.4.3. Lineaments orientation
The orientation of lineaments is a crucial aspect of our study. By analyzing their general direction, we can discern significant

trends in the landscape, revealing patterns that may be related to geological, tectonic, or even environmental phenomena. This analy-
sis enables us to interpret the geological history of the region, shedding light on the forces and processes that contributed to the for-
mation of observed lineaments.

3.4.4. Lineaments density
The analysis of lineament density is a valuable method to assess the intensity of lineaments in the study area. By calculating the

density of lineaments, we can identify areas with a higher concentration of linear features. This allows us to delineate key areas where
lineaments are most pronounced, providing valuable insights for understanding regional geology. Additionally, this analysis helps as-
sess the potential impact of lineaments on various environmental aspects, such as hydrology and soil erosion, contributing to effective
and sustainable land planning.

By combining lineament orientation with the analysis of their density, our study offers an in-depth view of linear features in the
region, allowing for a rich contextual interpretation for various geo-scientific and environmental applications.

3.4.5. Delimitation and validation
Once we obtained the lineament density, we used the density map along with the identified lineaments of interest as reference

points to delineate the main linear features in the study area. Lineaments, as clearly defined linear features in the terrain, contain cru-
cial information across various domains beyond the geological sphere. These elements can reveal trends, patterns, and structures in

Fig. 12. Lineaments automatically extracted from the S1 InSAR DEM using the TPI method (a), lineaments after filtering (b).
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the natural landscape, influencing various environmental and human processes. This methodology allowed for the exploration of rele-
vant lineaments while excluding those that were less pertinent or false lineaments, ensuring a precise and meaningful selection of lin-
ear features in our study.

Photo-interpretation played an essential role in refining the understanding of lineaments by enabling the identification of subtle
details and visually validating the extracted faults. The analysis focused on geomorphological features, variations in color and tex-
ture, as well as linear patterns on Google Earth images to confirm the lineaments determined by the analytical methodology. A crucial
validation step in the field involved meticulously planned missions during the month of October 2023. These missions aimed to mea-
sure and verify the extracted faults according to the previously described methodology.

4. Results
4.1. Comparative analysis of lineaments

The features extracted directly from various DEMs (Fig. 13), using the Hillshade method (Fig. 14), and TPI method (Fig. 15) un-
derwent a comparative analysis to determine the optimal method and the most suitable DEM for lineament extraction in the study
area. Regarding the shading method, several directions were explored (N45, N90, N135, and N315), but it was observed that the N90
direction offered the best identification of lineaments for the N-S direction. According to the literature, the region is characterized by
an abundance of NE-SW and E-W oriented faults (D'Lemos et al., 2006; Admou, 2011; De Reu et al., 2013). The lineaments were ex-
tracted from these DEMs by applying the same parameters used in the LINE module.

These results highlight the diversity in the performance of analysis methods, underscoring the importance of a strategic approach
in selecting the method and dataset based on the specific objectives of the geospatial study. When examining the number of detected
lineaments (Fig. 16), the TPI and Hillshade methods prove to be particularly sensitive, providing a detailed perspective on linear fea-
tures in the terrain. This increased sensitivity can be crucial in contexts such as detecting geological fractures or natural linear struc-
tures. On the other hand, the abundance of lineaments extracted from the ALOS PALSAR and S1 InSAR datasets suggests an enhanced
ability to identify subtle linear features, which can be particularly useful in detailed geomorphological analyses.

Fig. 13. Comparison of results from automatic extraction using various DEMs: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), ALOS WORLD (d).
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Fig. 14. Comparison of results from automatic extraction using the Hillshade method: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), ALOS WORLD (d).

The variation in the lengths of lineaments between methods and datasets raises important considerations (Table 2). Lineaments
extracted from the TPI and Hillshade methods appear to be shorter on average, which may reflect increased sensitivity to small to
medium-scale linear features. Additionally, the ALOS WORLD and ALOS PALSAR datasets exhibit generally shorter lineaments, sug-
gesting an ability to detect finer linear structures or landscape elements with higher spatial resolution.

The very high number of lineaments shown by the TPI on ALOS WORLD (Fig. 17) can be attributed to several factors. Firstly, the
ALOS WORLD data has a higher resolution, which allows for capturing more detailed topographic features compared to DEM data.
This increased resolution enables the TPI to detect finer variations in the terrain, leading to the identification of more lineaments. Ad-
ditionally, the TPI method is highly sensitive to changes in elevation, making it capable of detecting subtle differences in the topogra-
phy that might be overlooked by other methods. Consequently, this sensitivity results in a higher number of detected lineaments
when using high-resolution data like ALOS WORLD.

On the other hand, the TPI method stands out for detecting a high number of lineaments, while the Hillshade method shows par-
ticular sensitivity to small-sized linear features. The specificity of ALOS WORLD, with small-sized lineaments for all three methods,
adds an additional dimension to the understanding of topographic features in this geospatial study. The choice between the three
methods remains determined by the specific objectives of the study, emphasizing the importance of considering the nature of the
topographic features being sought.

It is important to note that the outcome obtained when applying the LINE module of PCI Geomatics is intrinsically linked to the
values assigned to the six specific parameters of this module. These parameters, in turn, are closely dependent on the characteristics
specific to the studied area, the defined objectives for the study, as well as the resolution of the employed data.

4.2. Analysis of lineament length
A comprehensive analysis of the results highlights distinct trends in the detection of lineaments based on their length, utilizing the

TPI and Hillshade methods, as well as those directly extracted from various Digital Elevation Models (DEMs) (Fig. 17).
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Fig. 15. Comparison of results from automatic extraction using the TPI method: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), ALOS WORLD (d).

Fig. 16. Histogram showing the number of lineaments extracted from different DEMs using the DEM, TPI, and Hillshade approaches.

In the length range of 0–200 m, the ALOS WORLD DEM (Fig. 18b and c) stands out with a notably high number of 10,828 and
6352 lineaments, demonstrating a particular ability to detect small-sized topographic features. In contrast, the DEM method shows
significantly lower figures in this range, with a slight superiority of the S1 InSAR DEM.

For lineaments in the range of 200–400 m, the TPI method based on S1 InSAR DEM (Fig. 18 b) takes the lead with 1955 detected
lineaments, surpassing other methods and highlighting increased efficiency in detecting medium-sized topographic features. The
range of 400–600 m shows a relatively similar distribution among methods, although the TPI method based on ALOS PALSAR DEM
maintains a slight predominance. In the categories of 600–1000 m and 1000–2000 m, all three methods, based on different DEM
sources, show comparable performance, demonstrating their competence in detecting lineaments of these lengths. However, beyond
2000 m, the lineament length categories show more modest results, with limited numbers of detected lineaments.
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Table 2
Statistics related to lineaments extracted from various methods and DEMs.

Method Dem TPI Hillshade

Data SRTM ALOS
PALSAR

S1
InSAR

ALOS
WORLD

SRTM ALOS
PALSAR

S1
InSAR

ALOS
WORLD

SRTM ALOS
PALSAR

S1
InSAR

ALOS
WORLD

Min. length
(m)

43,22 25,01 17,23 16,50 59,57 3,16 17,22 8,21 53,28 24,99 17,22 8,21

Max. length
(m)

8360,25 2352,44 8119,83 3296,70 3638,01 2635,94 1606,96 636,02 3779,89 1902,06 1486,64 490,01

Mean length
(m)

755,42 328,36 253,11 745,87 726,11 301,32 227,72 94,45 588,45 320,63 239,27 97,66

Median length
(m)

547,21 242,74 179,90 637,60 562,27 242,65 186,30 79,67 480,25 274,08 211,12 83,08

Fig. 17. Histograms of distribution highlighting the lengths of lineaments based on different Digital Elevation Models (DEMs) and methods: Direct DEM extraction (a),
TPI (b), and Hillshade (c).

It is worth noting that lineaments of shorter lengths, as indicated in Table 2, are predominantly present in the study area. They
represent 30%, 66.16%, and 73.40% of the total number of lineaments extracted using DEMs, Hillshade, and TPI, respectively. This
prevalence can be attributed to the presence of ancient rock formations dating back to the Neoproterozoic in the study area, such as
metabasalts, metatuffs, serpentines, and biotite-eye gneisses. These rocks have undergone two significant phases of ductile deforma-
tion under metamorphic conditions (Soliman and Han, 2019). The nature of these geological formations may explain the increased
frequency of shorter lineaments, highlighting the influence of local geological features on the distribution of lineaments in the study
area.

4.3. Accuracy assessment
As part of the accuracy assessment, it is imperative to determine the extent to which the extracted lineaments faithfully reflect the

geospatial reality. The accuracy assessment relies on a comparison between the lineaments identified by the analysis methods and a
ground truth reference, often derived from existing data or previous analyses. This evaluation aims to quantify the precision of linea-
ment detection, highlighting the strengths and weaknesses of each method used.

4.3.1. Lineament density evaluation
Lineament density mapping was created by integrating automatically extracted lineaments from different methods, accompanied

by a detailed assessment of their length in each grid cell. This approach aims to reveal nuances in the spatial variation of lineament
density within the study area, providing a detailed insight into the geospatial distribution of these topographic features.

Analysis of lineament density results reveals significant trends in the spatial distribution of topographic features within the study
area. The category of very low density, which predominates in the larger extent of the area, suggests a prevalence of regions with low
lineament density. However, it is essential to pay particular attention to the geological or geomorphological interpretation of these ar-
eas, as low density does not necessarily imply an absence of relevant linear features.
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Fig. 18. Lineament density maps automatically extracted from various DEMs: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), and ALOS WORLD (d).

Regarding the extraction method from DEMs (Fig. 18), the SRTM DEM (Fig. 18a) and ALOS PALSAR (Fig. 18b) exhibit more pro-
nounced lineament density anomalies than others, consistent with their increased efficiency in extracting a larger number of linea-
ments. High frequencies of lineaments are observed in the southern, eastern, and northeastern parts of the study area.

The hillshade method has also demonstrated its effectiveness in lineament extraction, as evidenced by the high frequencies ob-
served in the lineaments extracted from the SRTM DEM (Fig. 19a). These lineaments, already characterized by their significant size,
exhibited abnormally high densities in the south and northeast of the study area (Fig. 19).

The TPI method (Fig. 20) stands out for its efficiency in extracting small-sized lineaments, with a frequency mainly concentrated
in the North, East, and South regions of the area.

4.3.2. Evaluation of lineament orientation
In this dedicated section for the evaluation of lineament orientation, we explore how these topographic features align and distrib-

ute themselves in the study area. The assessment of orientation provides crucial insights into the geological and tectonic structuring,
allowing for a better understanding of the processes that have shaped the landscape. By analyzing the predominant direction of linea-
ments extracted from various DEMs, our objective is to reveal significant directional trends and shed light on the geospatial implica-
tions of these orientations.

Regarding the extraction method from the DEMs (Fig. 21), we observe a general East-West orientation. For the Hillshade method
(Fig. 22), the lineaments show preferred orientations of NE-SW and N-S. Concerning the TPI method (Fig. 23), the predominant direc-
tions are NE-SW and E-W.

The main trend of the rose diagram produced by the Hillshade (Fig. 22) method differs from those of the other two methods due to
the specific direction parameters used in this method. For the Hillshade method, a direction of N90 was chosen to extract lineaments
in this specific direction which are already documented in the bibliography. This approach highlights the north-south oriented linea-
ments, which explains the difference observed compared to the other methods that did not use this particular direction for lineament
extraction. This variation is intentional and aims to explore the impact of illumination direction on lineament detection. By choosing
different illumination orientations, it is possible to highlight lineaments that might not be visible with other orientations. This demon-
strates the importance of illumination direction in lineament analysis and explains the observed differences in the trends of the Rose
diagrams produced by the Hillshade method compared to the other methods.

These observations lead us to emphasize that even the most extensive lineaments in the study area exhibit similar orientations.
However, it is relevant to note that the maps of linements lengths, based on lineaments extracted from different DEMs, reveal distinct
directional variations (Fig. 24). In the southern part, lineaments are particularly long, reaching remarkable lengths of up to 11 km ac-
cording to the SRTM DEM (Fig. 24a), with a predominant orientation of E-W and NE-SW. The Hillshade method also shows a notable
concentration of longer lineaments, especially to the east and south of the study area (Fig. 25). The N-S orientation of the extracted
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Fig. 19. Lineament density maps automatically extracted from various DEMs using the hillshade method: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), and ALOS WORLD
(d).

lineaments corresponds to the specific direction of the Hillshade used (N90). As for the TPI method, it reveals longer lineaments in the
southern, eastern, and northern regions (Fig. 26), characterized by lengths exceeding 5 km according to the SRTM data (Fig. 26a).
The convergence of the four DEMs toward an E-W direction emphasizes consistency in the directional distribution of lineaments.

5. Discussion
An automated method for extracting lineaments has been successfully applied in the mountainous region of Ait Semgane, enabling

the identification of all linear features without distinction between those of natural and anthropogenic origin. The automated linea-
ment extraction methodology, based on various DEMs, TPI, and Hillshade, underwent a comprehensive comparative analysis to deter-
mine the optimal method and DEM best suited for lineament extraction in the study area. This evaluation was particularly crucial
given the diversity of topographic features and fault orientations in the region, characterized by N-S, NE-SW, and E-W faults accord-
ing to the literature.

The results highlight a diversity of performance among the analysis methods, underscoring the importance of a strategic approach
in selecting the method and datasets based on the specific objectives of the geospatial study. Regarding the number of detected linea-
ments, the TPI and Hillshade methods proved particularly sensitive, providing a detailed perspective on the linear features of the ter-
rain. Additionally, the ALOS PALSAR and S1 InSAR datasets demonstrated a superior ability to identify subtle linear features, proving
especially useful for detailed geomorphological analyses. Simultaneously, the use of SRTM with all three methods facilitated the de-
tection of large-scale lineaments.

The analysis of lineament lengths revealed distinct trends depending on the method and datasets. The TPI and Hillshade methods
exhibited a prevalence of shorter lineaments on average, indicating sensitivity to small to medium-scale features. In contrast, the
ALOS WORLD DEM distinguished itself by its ability to detect smaller-sized lineaments. Beyond 2000 m, the categories of lineament
lengths showed more modest results.

The maps depicting lineament lengths bring attention to specific orientations, revealing a noteworthy concentration of lineaments
in the southern region, extending up to considerable lengths of 11 km using the SRTM for the direct extraction method from various
DEMs. The Hillshade method identifies a significant concentration of longer lineaments in the eastern and southern sectors, whereas
the TPI method accentuates the presence of lineaments.

The results of the assessment of lineament density reveal significant trends in the spatial distribution of these topographic features
in the study area. Extraction from DEMs shows a high density in the southern and eastern parts, indicating a general E-W orientation.
The TPI method stands out for its effectiveness, presenting a moderate to high density in NE-SW and E-W directions, mainly in the



Remote Sensing Applications: Society and Environment 36 (2024) 101321

18

M. Ali EL-Omairi et al.

Fig. 20. Density maps of lineaments automatically extracted from various DEMs using the TPI method: SRTM (a), ALOS PALSAR (b), S1 InSAR (c), and ALOS WORLD
(d).

north, east, and south. Similarly, the Hillshade method demonstrates its relevance, with high densities in the lineaments of the SRTM
DEM and S1 InSAR DEM, showing preferential NE-SW and N-S orientations.

The in-depth analysis of the orientation of lineaments extracted within the study area reveals a remarkable coherence with estab-
lished geological knowledge found in the literature. The identified orientations, especially the prevalence of lineaments in an E-W, N-
S, and NE-SW direction, significantly align with documented tectonic patterns in specialized literature (Riser, 1988) (Missenard)
(Abderrahmane et al., 2003). The major deformation event in the region, identified during event PA2, is characterized by vertically
inclined faults towards the south, with lineations indicating a predominant overlap under a principal stress direction of NE-SW.

It is noteworthy that the ancient Neoproterozoic rocks in the study area, found in the Bou Azzer-El Graara anticlinorium in the
south and in certain northern regions, consist of meta-basalts, metavolcanic tuffs, serpentines, and augen biotite gneisses. These for-
mations have recorded two significant phases of ductile deformations (PA1 and PA2) under conditions of greenschist metamorphism
(Hefferan et al., 2000). The oldest schistosity in these rocks is characterized by an E-W and ESE orientation, largely defined by miner-
als such as chlorite, biotite, talc, and serpentine (Hefferan et al., 2000).

The PA2 phase induced upright to isoclinal folds in the Tiddiline series, oriented NW-SE, with fold axes gently plunging towards
the NW (Benssaou and Hamoumi, 1999). This deformation is associated with a left lateral transgression along major faults bordering
the ophiolitic sequences at the level of Lower Neoproterozoic formations (Soulaimani et al., 1997). The Hercynian deformation in the
area generated widespread fracture cleavage and upright folding in Paleozoic rocks (H1) (Soulaimani et al., 1997). This deformation
period is characterized by an E-W direction with a slight dip, upright folds, and block tectonics in the cover (Benssaou and Hamoumi,
1999). The Hillshade method, using a direction of 90°, has demonstrated its effectiveness in extracting north-south-oriented linea-
ments. These lineaments correspond to the Pan-African events PA3, resulting from faults present in Neoproterozoic-dated facies.
These geological formations mainly comprise pelites, sandstones, and conglomerates.

Each method and type of satellite image used in this study presents distinct advantages and disadvantages, highlighting the impor-
tance of choosing the appropriate approach based on the specific objectives of the geospatial analysis.

The direct extraction method simplifies the process by directly using DEMs to identify large-scale lineaments. Its primary advan-
tage lies in its efficiency in detecting large linear structures, making it a suitable choice for an overview of the terrain. However, it
may lack fine detail and fail to identify smaller lineaments, limiting its ability to provide a detailed analysis of topographic features.

The TPI method stands out for its sensitivity to small to medium-scale features, offering detailed perspectives on terrain character-
istics. It is particularly useful for detecting a large number of short lineaments, providing a detailed view of minor topographic varia-
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Fig. .21. Rose diagramss showing the main trends obtained for the automatic extraction of lineaments directly from different DEMs: SRTM (a), ALOS PALSAR (b), S1 In-
SAR (c), and ALOS WORLD (d).

tions. However, this increased sensitivity can also be a disadvantage, as it may lead to an overabundance of short lineaments, compli-
cating the overall interpretation.

On the other hand, the Hillshade method is effective in identifying lineaments oriented in specific directions, such as north-south
lineaments. By using an illumination direction of 90°, it highlights lineaments in this orientation, which aligns with documented geo-
logical events. However, its dependence on the chosen illumination direction can introduce bias in the detection of lineaments, limit-
ing its ability to identify features in other orientations.

Regarding satellite images, each type also presents specific advantages and limitations. SRTM is particularly well-suited for detect-
ing large-scale lineaments, offering an overview of the terrain. It is most effective for identifying large structures, making it an ideal
choice for large-scale analysis. However, it may overlook smaller features and lack the sensitivity needed to detect fine details, com-
pared to higher-resolution data such as that provided by ALOS PALSAR and S1 InSAR.

ALOS PALSAR is superior for identifying subtle linear features, making it particularly useful for detailed geomorphological analy-
ses. It is capable of detecting minor lineaments with high precision. However, it may be limited in detecting large-scale lineaments,
where SRTM might be more effective.

Like ALOS PALSAR, S1 InSAR excels in detecting fine details and small features, enhancing the detection of minor lineaments.
However, this increased precision for small lineaments means it may be less effective in identifying large linear structures, limiting its
use for large-scale analyses.

ALOS WORLD DEM is effective for detecting small-sized lineaments, complementing other datasets for a comprehensive analysis.
However, similar to ALOS PALSAR and S1 InSAR, it may be limited in detecting larger lineaments compared to SRTM.

The analysis of these different extraction methods and satellite data, along with the mapping of faults presented on the geological
map of Ait Semgane, was conducted by comparing them to various automatically extracted lineaments. This approach has clearly
highlighted the combined success of the SRTM DEM model and the TPI method in extracting the most significant lineaments, as de-
tailed in Fig. 27a. Furthermore, this methodology has yielded significant results regarding the spatial distribution of faults and their
predominant orientations, as explicitly shown in Fig. 27b and c.

It is particularly noteworthy that the most extensive faults are concentrated in the northwest and south sectors of the area, align-
ing along the E-O and ENE-OSO directions. This observation consistently aligns with bibliographic references, thereby reinforcing the
validity and reliability of the undertaken cartographic analysis. It is also worth emphasizing that this automated methodology en-
abled the extraction of lineaments in structurally unmapped areas, especially in the SE and NW parts of the study area.
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Fig. 22. Rose diagrams showing the main trends obtained for the automatic extraction of lineaments using the Hillshade method: SRTM (a), ALOS PALSAR (b), S1 In-
SAR (c) et ALOS WORLD (d).

The accuracy assessment has shed light on the need to determine the extent to which the extracted lineaments faithfully reflect the
geospatial reality. This in-depth analysis has provided insights into the spatial distribution of topographic features. The results have
been supported by comparisons with existing geological data, thereby reinforcing the validity of the conclusions drawn. Crucially,
these conclusions have been validated in the field, further enhancing the reliability of the obtained results (Fig. 27 d, e, f, g, et h).

6. Conclusion
The automation of linear feature extraction in a given area is closely tied to the resolution of the data used and the employed

methodology. Technologies such as SRTM, ALOS PALSAR, S1 InSAR, and ALOS WORLD, coupled with TPI, Hillshade, and direct ex-
traction methods from DEMs, prove to be crucial tools for mapping morphostructural lineaments, especially in challenging and less
accessible areas. These approaches help overcome limitations inherent in software parameters and algorithmic constraints.

Analyzing lineaments, with a focus on areas of high and very high density, combined with other morphostructural indicators, pro-
vides compelling evidence of structural deformations within the study area. The obtained results demonstrate orientations and mag-
nitudes consistent with structures previously mapped in existing geological data, thereby enriching the lineament database for the Ait
Semgane region.

The correlation between the size of lineaments and the type of morphology and rock formation in the study area is particularly sig-
nificant. Larger lineaments, often associated with major faults and tectonic structures, are primarily detected using the SRTM dataset,
which excels in capturing large-scale topographic features. These large lineaments correlate well with prominent geological struc-
tures and major fault lines documented in the region. For instance, the large lineaments detected align with the major Eburnean, Pan-
African, and Hercynian orogenies, which have significantly shaped the Anti-Atlas region.

Conversely, smaller lineaments, identified effectively through the ALOS WORLD and TPI methods, are indicative of finer struc-
tural details and minor faults. These smaller features are often found in areas with complex morphologies, such as highly fractured
rock formations and regions with significant erosion. The high resolution of these datasets enables the detection of smaller structural
features that might be overlooked by lower-resolution methods.

The diversity in lineament sizes, coupled with the varying sensitivities of the employed methods, provides a comprehensive under-
standing of the geological framework. The SRTM data's ability to reveal large-scale structures complements the detailed, fine-scale in-
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Fig. 23. Rose diagrams showing the main trends obtained for the automatic extraction of lineaments using the TPI method: SRTM (a), ALOS PALSAR (b), S1 InSAR (c)
et ALOS WORLD (d).

formation obtained from the ALOS WORLD and TPI methods, offering a robust approach to mapping and analyzing the morphostruc-
tural characteristics of the study area.

This innovative methodology proves to be an effective means of extracting and analyzing geological lineaments in extensive and
hard-to-reach regions, even in areas with generally limited outcrops. While specific targeted field observations (as shown in Fig. 27)
may demonstrate localized areas with more frequent outcrops, the overall region may still pose significant challenges for direct obser-
vation. Its use optimizes time and reduces costs associated with collecting structural information, particularly relevant in the early
stages of geological, civil, and mining exploration.

The main conclusions of this study highlight several key points:
- TPI stands out for its ability to facilitate more precise and reliable extraction of linear features.
- ALOS WORLD, combined with the TPI method, allows for the efficient extraction of short-length lineaments.
- Resolution plays a crucial role, with SRTM being particularly relevant for extracting larger-sized lineaments.
- The Hillshade method is limited by the chosen initial direction, underscoring the importance of this parameter in the process.

The entirety of these results clearly attests to the synergistic success achieved through the combined application of the SRTM DEM
model and the TPI method in extracting the most significant lineaments, thereby reinforcing the validity and effectiveness of the
adopted approach.
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Fig. 24. Length maps of automatically extracted linear features from various DEMs, accompanied by their Rose diagrams: SRTM (a), ALOS PALSAR (b), S1 InSAR (c) et
ALOS WORLD (d).
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marks and giving proper reference.
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Fig. 25. Length maps of automatically extracted linear features using the Hillshade method, accompanied by their Rose diagrams: SRTM (a), ALOS PALSAR (b), S1 In-
SAR (c) et ALOS WORLD (d).
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Fig. 26. Length maps of automatically extracted linear features using the TPI method, accompanied by their Rose diagrams: SRTM (a), ALOS WORLD (b), ALOS PAL-
SAR (c) et S1 InSAR (d).
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Fig. 27. Fault and geological lineament mapping in the study area (a), density map using TPI method and SRTM DEM (b) accompanied by their rose diagram (c).
Ground-truth observations of linear features, including vertical normal fault (d) N48° oriented normal fault (e), representation of a graben associated with two normal
faults (f), fractured rhyolites with quartz-filled fractures (g) Central horst with normal faults oriented N124° with a dip of 50° to the northwest in argillite and sandstone
strata (h).
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