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Abstract 

This study adopts an integrated approach using the geographic information system (GIS) and remote sensing 

techniques for structural mapping in inaccessible zone of the internal segment of North-Western Rif belt, Morocco. The 

Principal Component Analysis (PCA), Optimal Index Factor (OIF), band ratios and directional filtering are applied to 

Landsat 8 OLI (Operational Land Imager) image for mapping lithology and geological structures. Tectonic lineaments 

are extracted using the remote sensing and GIS approach and verified by in-situ data. Lithology and detailed structural 

features in the study area as well as the main sets of fractures trending NW-SE and E-W are identified and highlighted. 

The results obtained in this research demonstrate that the integration of remote sensing imagery and GIS techniques is a 

reliable and low-cost approach to fracture extraction and structural mapping, particularly in remote and inaccessible 

regions of the African plate and other analogue zones around the world. 

Keywords: Remote sensing, GIS, Structural mapping, Calcareous Dorsal Complex, Morocco 

1. Introduction 

Geological features such as tectonic lineaments are important parameters of any structural 

geological studies. Remote sensing data such as RADARDAT-1, Landsat data series, PALSAR, 

ASTER, Sentinel-1 and SPOT-5 have been extensively and successfully used to map tectonic 

structural features around the world in the last decades (Masoud and Koike 2006; Jensen 2015; 

Pour et al. 2016, 2018; Radaideh et al. 2016; Adiri et al. 2017; Ahmadirouhani et al. 2017; 

Eldosouky et al. 2017; Masoud and Koike 2017; Hamimi et al. 2018; Takodjou Wambo et al. 
2018; Azar et al. 2019; Hamdani and Baali 2019; Hosseini et al. 2019; Javhar et al. 2019). 

Lineament mapping helps track fault structures related to ore mineralizations, oil and gas seepage 

zones, hydrology and geological hazards (Corgne et al. 2010; Hashim et al. 2013; Pour and 
Hashim 2017; Alizadeh et al. 2018; Ouko et al. 2018; Hamdani and Baali, 2020). 

Lineaments in satellite remote sensing images have topographic relief and/or tonal features which 

are attributable to the underground 3D structures in the Earth. Lineaments are associated with brittle 

and ductile deformation zones which shows in remotely sensed images as rectilinear and curvilinear 

patterns. Spatial analysis of lineament sets helps to reconstruct the tectonic history of a region, and 
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also reveals generalities that can help to test process hypotheses (van der Pluijm and Marshak, 
1997). Geological lineament features are attributed to paleo-tectonic and/or neo-tectonic of a region. 

The use of remote sensing data in delineating of tectonically significant lineaments has been 

demonstrated in several geological settings (Raharimahefa and Kusky, 2009; Amri et al. 2011; 

Abdelkareem and El-Baz 2015; Pour et al. 2016, 2018a,b; Kamel and Abdelkareem, 2018; 

Sekandari et al. 2020; Moradpour et al. 2020; Abdelkareem et al. 2020). 

The Rifian Internal Domain (Figure 1a), located in the north of Morocco, has complex 

geological structures. Few structural geological studies using satellite remote sensing data have been 

conducted in some parts of this domain. Biju-Duval et al. (1976) used Landsat satellite images for 

structural mapping in the Rifian Internal area. The Jebha strike-slip fault system was mapped in the 

Calcareous Dorsal Complex. Moreover, the NE-SW dextral Fahies fault system (Kornprobst 1974) 

bounding the Internal Domain to the north was identified in this study. Ait Brahim and Sossey 
Alaoui (2002) used Landsat ETM+ and SPOT XS and ERS-1 SAR radar data to map fault systems 

in the external portion of the Rif belt (an arcuate mountain belt around the western Mediterranean 

Sea) (Chalouan and Michard 2004). El Adraoui et al. (2007) used remote sensing technology to 

highlight the importance of strike-slip faults in the structuration of the Rifian Calcareous Dorsal 

Complex. A detailed large-scale structural map of the Rifian Internal Domain, however, is not 

generated, yet. The structural analysis of the Calcareous Dorsal Complex may provide valuable 

details relating to Alpine orogenic construction and the displacement of transferred faults (WSW to 

SW) in the Late Oligocene-Miocene (Andrieux 1971; Olivier 1982). 

Using the traditional and field campaign methods for mapping lineaments in the Rifian 

Calcareous Dorsal Complex reveals two main challenges, including (i) the large geographical zone 

of the Calcareous Dorsal Complex and (ii) the low accessibility of the zone as the carbonate 

formations exposed in high relief and inaccessible in many parts. In such conditions, the integration 

of satellite remote sensing imagery and GIS techniques provides a practical approach for better 

observation, extraction and analysis of geological lineament features. This approach has been used to 

map lineament and to identify geological structures (e.g. Solomon and Ghebreab 2006; Saadi et 
al. 2011; Hashim et al. 2013), particularly in the inaccessible and remote areas of tropical regions, 

Polar regions and Mediterranean areas surrounding the Mediterranean Sea (Alboran Sea) (Figure 1) 

(Pour et al. 2016, 2018a,b; Hamdani and Baali 2019, 2020). Structural mapping will help to 

understand and clarify Alpine orogenic construction in the Mediterranean region, as well as identify 

feasible metallic ore mineralizations, oil, gas and groundwater exploration of and natural hazard 

mitigation in the Calcareous Dorsal Complex, NW Rif belt, Morocco. 

In this study, Landsat 8 OLI (Operational Land Imager), Shuttle Radar Topography Mission 

(SRTM), and ALOS PALSAR data are used and integrated to map geological structures, i.e., faults 

and fractures in the Calcareous Dorsal Complex, covering a large region between Talembote and 

Tetouan cities in northern Morocco (Figure 1). Major objectives of this study are (1) to prepare an 

enhanced images base as a tool for mapping structural lineaments and lithology of the Calcareous 

Dorsal Complex using remote sensing image processing techniques; (2) to generate structural 

lineament and lineament density maps for the study area by integrating the remote sensing products 

and the existing geological maps using GIS techniques; and (3) to verify the obtained results by 

comprehensive fieldwork and compare with previous structural studies in the Calcareous Dorsal 

Complex. 

2. Geological setting and structures of the study area 

The Rifian Internal Domain (Figure 1a) forms with its Betic equivalent the sub-plate of Alboran 

(Andrieux et al. 1971; Andrieux and Mattauer 1973), or Alboran exotic terrane (Chalouan et al. 
2001, 2008; Michard et al. 2002; Chalouan and Michard 2004), a part of the "ALKAPECA" 
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domain (Bouillin et al. 1986) also known as a Meso-Mediterranean Terrane (Durand-Delga 1980; 

Guerrera et al. 1993; Martín Martín et al. 2019; Guerrera et al. 2020). In the Rif, the Internal 

Domain corresponds to the Sebtide, Ghomaride and Calcareous Dorsal complex units (e.g. Durand-
Delga 1972; Chalouan et al. 2008) (Figure 1b). The Sebtide complex is formed by several units 

with successions ranging from Paleozoic to Triassic in age with variable degrees of metamorphism 

(e.g. Milliard 1959; Durand-Delga and Kornprobst 1963; Kornprobst 1974; Saddiqi et al. 
1995; Michard et al. 2006). The Ghomaride complex containing Paleozoic metasediments shows 

only low metamorphic grade, covered with unconformable sedimentary rocks ranging from Triassic 

to lower Miocene (e.g. Durand-Delga and Kornprobst 1963; Michard and Chalouan 1991; 

Chalouan et al. 2008). The Calcareous Dorsal Complex (Fallot 1937), corresponds to a tectonic 

stack of units formed by: (i) thick Triassic-Liasic carbonates, (ii) upper Lias-Paleocene condensed 

series, and (iii) upper Oligocene to Aquitanian synorogenic detrital sediments (e.g. Fallot 1937; 

Griffon 1966; Wildi et al. 1977; Nold et al. 1981; El Kadiri et al. 1992). 

The Rif belt corresponds to a thrust sheet system, with a tectonic transport from SW to WSW. 

The current arcuate geometry is acquired during the Lower-Middle Miocene (e.g. Leblanc and 
Olivier 1984; Durand-Delga and Olivier 1988; Hlila and Sanz de Galdeano 1994, 1995; 

Vitale et al. 2014a) and the importance of strike-slip faults is well indicated by several authors 

when evoking the tectonic evolution of the chain. Hlila and Sanz de Galdeano (1995) also 

highlighted the importance of transverse faults in the Rifian Calcareous Dorsal tectonic evolution. 

The Jebha-Chrafate fault is an E-W to ENE-WSW sinistral fault that stretches over 50km, forming 

the Internal Rif’s southern limit. It was considered as a transfer fault during the WSW-SW 

displacement of the Rifian Internal Domain (Andrieux et al. 1971; Olivier 1982; Leblanc and 
Olivier 1984; Benmakhlouf et al. 2005). Hlila et al (2014a, b) recognized a NE-SW system faults 

in the Oued Laou valley affecting the entire Rifian Internal Zones which controls the opening an 

intramountain basin in the Pliocene (e.g. Tirinesse basin). 

3. Materials and methods 

3.1. Remote sensing data used 

We used several data in this analysis, including Landsat 8 (OLI), two geological maps covering 

the study area (the 1:50000 Tetouan-Ras Mazari and Souk Larbaa Beni Hessane geological maps). 

The Landsat 8 (OLI) image was downloaded from the USGS Earth 

Explorer(http://earthexplorer.usgs.gov), which was acquired on July 31, 2018. These data are 

provided with the Universal Transverse Mercator (UTM) projection and a WGS 84 World Geodetic 

System. Table 1 shows image characteristics of Landsat8 (OLI) (Irons et al. 2012). The ALOS 

PALSAR with 12.5 m DEM and SRTM data were obtained from the Alaska Satellite Facility's data 

portal (https://vertex.daac.asf.alaska.edu/). PALSAR DEM and SRTM data (Nikolakopoulos et 
al. 2006; Igarashi 2001) are used mainly to validate the geological structures extracted from 

Landsat 8 (OLI) data. 

3.2. Image Processing techniques 

Several techniques have been adopted to identify the geological linear features in the study area, 

namely Optimum Index Factor, Principal Component Analysis, Band Ratios, and Directional 

Filtering. Figure 2 shows the methodological flowchart used in this study. 

3.2.1. Principal Component Analysis 
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Image transformation technique, along with Principal Component Analysis (PCA) is often used 

in the tectonic lineament extraction (Majumdar and Bhattacharya 2007; Adiri et al. 2017; 

Mhamdi et al. 2017; Pandey and Sharma 2019). It consists of condensing the information 

contained in several bands, sometimes highly correlated and containing similar information, into a 

few variables, called principal components (PCs). The PCA is capable of determining the direction 

of space that contains the highest sample variance and moving on to the orthogonal subspace in this 

direction to find the next highest variance. The result is iteratively discovering an ordered orthogonal 

basis of the highest variance. The first three PCs represent an excellent product of the data variability 

with a maximum proportion of variance of information (Richards 1999). The first three PCs allows 

the condensation of high-quality information representing 98.96% of the total data variance (Table 
2). The subspace defined by the first n PCA vectors explain a given percentage of the variance. The 

subspace of dimension n explains the largest possible fraction of the total variance (Richards 1999). 

The PC1 contains the albedo which is related largely to the topographic features. The first three PC 

images (PC1, PC2 and PC3), containing the highest topographical and spectral information, are 

suitable for lithological discrimination. The composite of PC1, PC2, and PC3 as RGB image allows 

differentiating the lithological units and geological structures in the study area. Thus, the PC1 is used 

to extract lineaments in the study area. 

3.2.2. Optimum index factor analysis 

Chavez et al. (1982) developed an optimum index factor (OIF) method to calculate the 

optimum combination of every possible three bands in a satellite image, which contains the 

maximum of information. ILWIS 3.31 Academic (https://www.itc.nl/ilwis/download/ilwis33/), was 

used in the current study using the following algorithm to calculate the highest-ranked OIF index: 

    [
∑   
 
   

∑ |  |
 
   

] (1) 

where, sk is the standard deviation of k band, and r (j) represents the correlation matrix value of 

each two OLI bands (Tables 3 and 4). The combination of the three bands with the largest OIF 

generally has the most information (measured by variance) with the least amount of duplication 

(measured by correlation) (Jensen 2015). Table 5 shows the OIF of all possible combinations of 

three bands. It shows the composite of bands 5, 4 and 1 is the best combination for mapping 

lithological/alteration since these bands provide more details and score than other bands. 

3.2.3. Band ratios analysis 

The band ratioing method consists of dividing the pixels of one spectral band by a corresponding 

one in the image of the other band (Borra et al. 2019) which reduces the topographic effect (Amri 
et al. 2011; Jensen 2015). The generated band-ratio image is useful in distinguishing between the 

surface materials characteristics (Jensen 2015). In this study, we combine the band ratio analysis 

with the PCA, a technique that has been widely used in various scientific fields (Rahman et al. 
2013; Aldjazouli et al. 2019). For band ratioing analysis in this study, the PC containing the most 

negative or positive contribution/loading are selected for mapping lithology and alteration zones (see 

Table 2). 

3.2.4. Enhancement and extraction of lineaments 

Spatial transforms provide reliable and robust image processing techniques to extract the spatial 

information from remote sensing data. The technique helps to maximize clarity, sharpness and 

details of features of interest and further analysis. Spatial convolution filtering is primarily based on 
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the use of convolution masks. Linear features are formed by edges in remotely sensed images. Some 

linear features occur as narrow lines against a background of contrasting brightness; others are the 

linear contact between adjacent areas of different brightness. Edge enhancement delineates these 

edges and renders the image shapes and features more visible and easier to analyze (Jensen, 2015). 

Directional filters improve the perception of lineaments by creating an optical effect on the image 

(Marion 1987; Jensen 2015). This technique is very beneficial for detecting the oriented linear 

geological structures (Robert 1997; Majumdar and Bhattacharya 1988). Accordingly, directional 

filters were used in produced PC1 image to enhance particular linear trends. Four principal 

directional filters, including N–S, E–W, NE–SW, and NW–SE with a 7*7 kernel size were applied 

(Table 6). 7*7 kernel matrix was applied in this analysis for enhancing semi-smooth and 

smooth/rough features (Jensen 2015). Directional filter angles were adjusted as N–S: 0°, E–W: 90°, 

NE–SW: 45°, and NW–SE: 135°. The directional filters of N0, N45, N90 and N135 were applied to 

the PC1 for extracting lineaments. 

PC1 image derived from PCA analysis was processed using Automatic Lineament Extraction 

algorithm (PCI-LINE) for calculating fault density and lineament extraction. The PCI-LINE module 

typically extracts lineaments in three steps, namely (i) edge detection, (ii) thresholding and (iii) curve 

extraction. Lineament was extracted in the ArcMap 10.5 environment. It involves (i) splitting 

compound lines into simple lines, (ii) editing lineaments attributes and (iii) exporting lineaments 

shape file. Next, lineaments density around each grid cell within a specific search distance was 

computed for generating lineament density map. 

3.2.5. Validation and fieldwork 

Shaded relief map and field observations were used for verification of lineament extraction 

results. Several structural studies used shaded relief maps to verify the results of lineament extraction 

(Adiri et al. 2017; Javhar et al. 2019). Shaded relief maps can provide useful sources for tectonic 

studies and the identification of regional structures (Masoud and Koike 2006). Analysis of the 

shaded relief image indicates that lineaments that are related to the boundaries between the shaded 

and unshaded areas can be visually identified (Masoud and Koike 2006; Saadi et al. 2011). 

Shaded relief images are generated from the digital elevation data in ArcMap software using the hill-

shade tool in spatial analyst. Several hill-shade maps with different solar azimuths were prepared, the 

North-South (N0) with a solar elevation of 45° was chosen because the boundaries between the 

shaded and unshaded areas are plainly visible. The extracted lineaments are analyzed and evaluated 

by overlaying on the shaded relief maps. The visual interpretation shows that most of the obtained 

lineaments are mainly distributed between the shaded (high value) and unshaded (low value) areas, 

with the abrupt changes in slope and shading. In addition, some of the detected tectonic lineaments 

have been validated and confirmed by comparing with pre-existing documents such as faults present 

in the geological maps. Consequently, field observation was intended to verify the extracted 

lineaments that are appropriately related to geological structures. 

4. Results 

4.1. Lithological, alteration and structural lineaments extraction 

Figure 3 shows RGB false color composite image of PC1 (Red), PC2 (Green) and PC3 (Blue) 

for the study area. An overview of lithological units in the study area and spectral discrimination of 

the Sebtide complex (metamorphic sequences), the Ghomaride complex (metasediments) and the 

Calcareous Dorsal Complex (carbonates and detrital sediments) are distinguishable. Typically, the 

Sebtide and Ghomaride complex are represented in purple color pixels with some admixture of 

green, cyan, red and yellow colors, whereas Calcareous Dorsal Complex is generally appeared in 
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green to cyan shades. Carbonate and clay minerals contain spectral absorption features in the SWIR 

region due to the vibrational processes of the CO3 radical and OH combination bands (Pour et al. 
2018b and references therein). Hence, the Calcareous Dorsal Complex shows different spectral 

characteristics compared to the other lithological complexes that are exposed in the study area. 

For lineament extraction, the PC1 having high albedo attributable to the topographic features is 

considered. Figure 4 shows extracted lineaments in the PC1 image using four principal directional 

filters, including N-S, NE-SW, E-W and NW-SE. Results show that N–S trending lineaments are 

mostly mapped in the northern and southwestern parts of the study area (Figure 4 a), which are 

adjacent to the major fault and brittle zone systems such as the Fahies fault and Jebha-Chrafate fault, 

respectively, in the northern and southern sectors. In the northern part of the image, ductile structures 

depict complicated curvilinear features (several fold systems) are detected. NE-SW striking 

lineaments are slightly distributed in several parts of the study area and cuts the N-S lineaments 

(Figure 4 b) as younger lineament groups. E-W oriented lineaments are typically concentrated in the 

central north and south segments of the image (Figure 4 c), which could be linked to E-W to ENE-

WSW sinistral movement of the Jebha-Chrafate fault zone. NW-SE trending lineaments are strongly 

mapped in central and southern parts of the study area (Figure 4 d). High concentration of 

lineaments represents brittle deformation events in the region that mostly strike NW–SE. Generally, 

most of the long lineaments are clustered in these zones. 

Figure 5 shows OIF RGB color composite image of Band 5 (Red), Band 4 (Green) and Band 1 

(Blue) for the study area. The main lithological units are mapped in the study area. The Sebtide and 

Ghomaride complex are typically appeared in read hue comprising some dark, blue and cyan pixels. 

The Calcareous Dorsal Complex is mapped as cyan tone. Comparison the results obtained from the 

OIF and PCA show nearly identical lithological discrimination performance. Analysis of eigenvector 

matrix derived from PCA indicates that the PC1 contains moderated negative loading in band 6 (-

0.28) and strong positive loading in band 7 (0.68). This PC has 82.70% of the total variance of seven 

bands (see Table 2). Therefore, the band ratio derived from PC1 can be considered as B6/B7, which 

has high potential to map clay minerals and carbonates (Pour et al. 2019). Similarly, PC2 and PC3 

account for 12.69% and 3.57% of the total variance, respectively. The ratios of B7/B3 can be 

obtained from PC2 because of strong loadings in band 7 (-0.77) and band 3 (0.40) with opposite 

signs (see Table 2). The ferrous minerals such as olivine and pyroxenes can be mapped using band 

ratio B7/B3 because they have high absorption on band 3 (0.845-0.885 μm) due to Fe
+2

 absorption 

features (Pour et al. 2019). The band ratio of B2/B6 is achieved from PC3 due to a moderate 

contribution of band 2 (-0.13) and strong loading in band 6 (0.86) (see Table 2). Ferric iron 

oxide/hydroxide minerals such as hematite, jarosite and limonite have high absorption features in 

band 2 (Pour et al. 2019). According their difference in eigenvector loadings (positive and negative 

values) and identification of specific absorption features, this band composites can be considered the 

optimum band ratios for highlighting different alteration zones. In addition, the B6/B7, B7/B3 and 

B2/B6 combination band ratios as RGB false color composite may be able to map lithological units 

in the study area. 

Figure 6 shows RGB color composite image derived from Band6/Band7 (Red), Band7/Band3 

(Green) and Band2/Band6 (Blue) band ratio for the study area. High abundance of clay minerals and 

carbonates is mapped as red color zones in the study area. Green color zones show the spatial 

distribution of ferrous minerals. The distribution of iron oxide/hydroxides mineral is depicted as blue 

color. Yellow and magenta colors show the admixture of clay minerals and carbonates with ferrous 

minerals and ferric iron oxides, respectively (Figure 6). With reference to geology map of the study 

area, the Calcareous Dorsal Complex shows admixture of red, green and blue colors with low 

abundance of yellow and magenta color. However, the Sebtide complex and Ghomaride complexes 

contain high abundance of red, magenta and cyan pixels, predominantly located in north, 

northeastern and southern sectors of the study area. 
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Extracted lineaments on the shaded relief of the study area is shown in Figure 7. This image-

map is generated by fusion of lineaments, lithologies and DEM information (extracted from 

PALSAR DEM and SRTM data). Lineaments in the study area are appropriately identified in Figure 
7, which include the long lineaments and short lineaments that form linked systems with longer 

lineaments. The central and southern parts of the image exhibit longer lineaments compared to the 

northern part of the study area (Figure 7). Two major trends NW-SE and E-W are present mainly in 

whole of the study area. The northern and eastern segments of the image-map have few lineaments 

that strike N-S and NE-SW. Most longer lineaments strike NW-SE trending that are parallel to the 

Jebha-Chrafate fault zone system in the southern part of the study area. This NW-SE trend is like the 

orientation and sinistral movement of the Jebha-Chrafate fault zone (Figure 7). 

4.2. Lineament map for the study area 

Lineament density is defined as the total length of lineaments per unit area (Hung et al. 2005). 

This technique has been widely used as source of valuable information for lineament mapping 

(Hashim et al. 2013). For the study area, the lineament density map is produced as shown in 

Figure 8. It is used for a correlation analysis between the concentration of lineaments and the 

distribution of the faults existing in the geological maps of the study area. The resulting lineament 

density map shows a dominantly increased density towards the south and northern parts of the study 

area (Figure 8). The superposition of the extracted lineaments on the pre-existing faults in the 

geological maps of the study area and corresponding Rose diagram of the faults are depicted in 

Figure 9 (a) and (b). In the southern part, there is a high concentration of lineaments; this area is 

highly faulted and mainly occupied by several fault zones, namely Abyati and Tassart faults (Figure 
9 a). In the northern part, the high density of lineaments is observable (see Figure 8), which is 

located adjacent to the Dar Eraai and Akouarene faults (Figure 9 a). The high density of lineaments 

is also more evident especially in the Triassic-Lower Jurassic sequence forming the essential and the 

more competent rocks of the Rifian Calcareous Dorsal units because they are identified as zones of 

high degree of rock fracturing/landslides. The Rose diagram of the pre-existing faults in the 

geological maps (Figure 9b) reveals the study area is dominated by the N040-050, N270-280, N280-

290, N305-320 and N350-360 directions of faults and fractures. NW-SE (N305-320 and N280-290) 

and W-E (N270-280) lineaments are the main directions and illustrate major faults in the study area. 

The second and third picks of lineaments are N-S (N350-360) and NE-SW (N040–050), which 

shows N-S and NE-SW trending faults and fractures. 

Lineaments map, Rose diagram, fracture’s trend and frequency diagrams are generated for study 

area by integrating the lineaments extracted from image processing techniques and existing 

geological maps (Figure 10 a-d). The lineaments map of the study area is shown in Figure 10 a. 
The results indicate the extracted lineaments by integration of image processing techniques are 

highly correlates with the existing faults in the geological maps (see Figure 9 a). However, it 

provides more detailed lineament features compared to the geological maps in the study area. After 

recognizing the most frequent directions in the Rose diagram (Figure 10 b), the extracted fractures 

can be compared to those shown in the geological maps of the study area (e.g. Hashim et al. 2013; 

Adiri et al. 2017; Mhamdi et al. 2017; Javhar et al. 2019). Analysis of Rose diagram (Figure 10 
b) for lineaments map shows analogous orientations for faults and fractures, which have been 

revealed for pre-existing faults in the geological maps (see Figure 9 b). Though N080-090 direction 

shows stronger pick compared to the Rose diagram of the pre-existing faults. Hence, W-E lineaments 

are better identified and mapped in the final lineaments map produced in this study (see Figure 10 
a). Figure 10 (c) represents the frequency diagram of the fracture’s trends. It shows the relative 

predominance of 130° to 140° and 90° to 100° intervals. Many other orientations having less 

prominent directions revealed the high complexity of the geological structures in the study area. The 

statistical analysis of the lineament is presented in Figure 10 (d). The number of 480 geological 

lineaments are identified and extracted. The values of the lineament length range from 67 m to a 
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maximum of 2770 m are found. The most abundant lineament lengths are between 400 to 800 m, 

which includes 47% of the total number extracted lineaments in the study area. 

4.3. Field observations 

Figure 11 (P1-P13) shows some field photograph of extracted lineaments in different locations 

of the study area, which are verified during comprehensive field investigations. The Zarka fault 

oriented E-W to ESE-WNW is investigated. It is located almost between the Calcareous Dorsal and 

Ghomarides complex that affecting the Triassic-Liasic carbonates. The Zarka fault appears as a very 

steep fault and shows a sinistral component (Figure 11 P1). The NE-SW Dar Zkiyek fault 

delimiting the western border of the Dar Zkiyek ridge as a dextral lateral ramp is observed. It is 

reactivated into a normal fault (Figure 11 P2). The NW-SE Jbel Bourja fault is affected the 

Triassic-Liasic carbonates. It is responsible for the transverse displacement with a right-lateral offset 

of more than 20m (Figure 11 P3). The E-W Dar Eraai sinistral strike-slip fault, which represents a 

lateral ramp crosscutting the entire tectonic stack of units of the Calcareous Dorsal Complex. The 

minimum sinistral displacement of the fault zone is estimated at 8 km (Figure 11 P4). 

Figure 11 P5 shows the NW-SE Akouarene fault, which is emphasized by slices and tectonic 

horses of Triassic-Liasic carbonates, where develops steep fault planes and shows sinistral kinematic 

indicators. Tellouja fault is a curvilinear accident oriented roughly NW-SE, observed in the Triassic-

Liasic carbonates (Figure 11 P6). It extends for a long-distance, that extends over 4 km, and cuts all 

the imbricate tectonic units’ system of the Calcareous Dorsal Complex (Figure 11 P6). The N-S 

Koudiet Aglaguel reverse fault affecting the Tertiary detrital sediments, its direction is parallel to the 

direction of the tectonic units boundaries of the Calcareous Dorsal Complex (Figure 11 P7). Figure 
11 P8 shows the whole tectonic stack of a unit of the Calcareous Dorsal Complex, which is 

represented by Triassic-Liasic carbonates and Tertiary detrital sediments. It crosscuts transversely by 

E-W Jamaa El Karn sinistral strike-slip fault (Figure 11 P8). The NW-SE El Ouadiyine fault 

affecting the Triassic-Liasic carbonates as a sinistral strike slip fault is shown in Figure 11 P9. 

The Tassart fault oriented NW-SE with a SW dip that is observed in the Triassic-Liasic 

carbonates, which has a sinistral component (Figure 11 P10). The N-S Baya reverse fault affecting 

the Tertiary detrital sediments, its direction is parallel to the direction of the tectonic units boundaries 

of the Calcareous Dorsal Complex (Figure 11 P11). The NW-SE Abyati fault is observed in the 

Triassic-Liasic carbonates that extends over 10 km (Figure 11 P12). It has a high dip and a main 

sinistral displacement. It crosscuts all the imbricate tectonic units’ system of the Calcareous Dorsal 

Complex (Figure 11 P12). The E-W Tamalout strike-slip fault is located in the Triassic-Liasic 

carbonates of the Calcareous Dorsal Complex. It shows a sinistral component (Figure 11 P13). 

Furthermore, it is important to note the predominance of the NW-SE and the E-W directions, which 

were also reported in several previous structural studies carried out in the study region (Hlila and 
Sanz de Galdeano 1994; Michard et al. (2002); Vitale et al. 2014a, 2014b, 2015). 

5. Discussion 

Tectonic lineaments are extracted using the remote sensing image processing techniques and GIS 

approach in the internal segment of North-Western Rif belt, Morocco. Results show that the main 

lineaments are oriented E-W and NW-SE. However, N-S and NE-SW trending lineaments are also 

mapped in the study area. According to previous studies, the Rifian Internal Domain is characterized 

by tectonic structures such as thrusts, reverse and strike-slip faults (Vitale et al. 2014a, 2014b, 
2015). The fractures trending E-W are statistically more frequent as mentioned above and fractures 

with similar direction are mapped in Tetouan-Ras Mazari and Souk Larbaa Beni Hessane as 

transversal strike-slip faults with a sinistral component that crosscutting a wide zone of the 
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Calcareous Dorsal Complex (e.g. Dar Eraai fault). They were generally associated with the westward 

displacement of the tectonic units (El Adraoui et al. 2007). More southward, a sinistral transcurrent 

main fault oriented ENE-SSW to E-W and bordering the entire internal domain (i.e. the Jebha-

chrafate fault) (e.g. Andrieux et al. 1971; Olivier 1982; Benmakhlouf et al. 2005). North of 

Tetouan, there are different scales faults trending E-W affecting the Calcareous Dorsal Complex and 

the most important one is the sinistral transcurrent “Semsa fault” which appear strictly north of 

Tetouan city (Hlila and Sanz de Galdeano 1995; El Adraoui et al. 2007). The fractures trending 

NW-SE, statistically abundant as is the case with the first type of fractures, are well manifested in the 

entire internal domain as marked in the 1/50000 geological maps of the Northern internal Rif. South 

of Tetouan city, they are well represented in the Calcareous Dorsal Complex and they have generally 

a sinistral strike-slip component. Indeed, a good example of this set of faults in the study area 

corresponds to the Abyati fault, that extends over 10 km, which is interpreted as a multi-kilometer 

lateral ramp of westward verging thrust systems. 

With regard to N-S oriented fractures, they generally correspond in the study area to reverse 

faults and thrusts as their direction is parallel to the direction of the tectonic units boundaries of the 

Calcareous Dorsal Complex and orthogonal to the westward verging thrusts between tectonic slices. 

The NE-SW trending fractures are well developed in the Rifian Calcareous Dorsal north of Tetouan 

city and represented by many transcurrent faults. The major Fahies fault is a good example of this set 

of fractures, which extends over 15 km. They correspond to dextral strike slip faults forming with 

NW-SE trending fault, a conjugate system associated with an E-W compressive tectonic event during 

the Early-Middle Miocene (e.g. Hlila and Sanz de Galdeano 1994, 1995; EL Adraoui et al. 
2007). In the south of Tetouan (the oued laou valley area), Hlila et al. (2014a, b) described two 

kilometric conjugate NE-SW trending normal faults resulting in graben structure and the opening an 

intramountain basin in the Pliocene (e.g. Tirinesse basin). Finally, several authors highlighted the 

importance of these kind of fractures during the mio-pliocene and quaternary in the structuring and 

the tectonic of the Rifian belt chain (Ait Brahim and Sossey Alaoui 2002; Ait Brahim et al. 
2002; Tahayt et al. 2008). 

6. Conclusions 

The methodology used in this study allows the identification of the linear structures and 

facilitates geological mapping structures in a complex zone that covers a wide, largely inaccessible 

geographical area. Different processing techniques, including the PCA, OIF, band ratios, and 

directional filters were applied to Landsat 8 OLI data for this purpose. Thereafter, the obtained 

results were compared to the existing geological maps and detailed field investigations. 

 480 structural lineaments are identified and mapped in the study region, which are 

mostly classified into four fracture systems trending NW-SE, N-S, NE-SW, and E-W. 

 The dominated directions were the NW-SE and the E-W, which are the Fahies and 

Jebha-Chrafate fault systems in the northern and southern sectors of the study region. 

 The Rose diagram of the lineaments mapped in this study reveals the N040-050, N080-

090, N270-280, N280-290, N305-320 and N350-360 directions of faults and fractures. 

NW-SE (N305-320 and N280-290) and W-E (N270-280 and N080-090) lineaments are 

the main directions and illustrate major faults in the study area. The second and third 

picks of lineaments are N-S (N350-360) and NE-SW (N040–050), showing N-S and 

NE-SW trending faults and fractures. Analysis of Rose diagram for lineaments map 

shows analogous orientations for faults and fractures, which have been revealed for pre-

existing faults in the geological maps. However, N080-090 direction shows stronger 

pick compared to the Rose diagram of the pre-existing faults. Hence, W-E lineaments 

are better identified and mapped in the final lineaments map produced in this study. 
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In this research, the integration of remote sensing imagery and GIS techniques highlights its 

efficiency and reliability in the complex zone, not only mapping out the lineament features in the 

study area but also updating existing geological maps of the area. The applied approach can be 

considered as a low-cost/integrated GIS and remote sensing technique for mapping ore 

mineralizations, exploring oil, gas and groundwater and mitigating of natural hazard, where 

fieldwork is constrained by terrain conditions. 
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Figure 1. (a) simplified geology map of West Mediterranean chains (after Durand-Delga et al., 2000, 

modified), (b) geology map of northern west Rif and selected zone in this study. 
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Figure 2. The methodological flowchart used in this study. 
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Figure 3. RGB false color composite of the PC1 (Red), PC2 (Green) and PC3 (Blue) for the study 

area. The main lithological units are mapped and discriminated. 
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Figure 4. Extracted lineaments in the PC1 image derived from four principal directional filtering for 

the study area. (a) N-S, (b) NE-SW, (c) E-W and (d) NW-SE. 
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Figure 5. Optimum index factor (OIF) RGB color composite image of Band 5 (Red), Band 4 (Green) 

and Band 1 (Blue) showing lithological units in the study area. 
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Figure 6. RGB color composite image derived from band ratio of Band6/Band7 (Red), Band7/Band3 

(Green) and Band2/Band6 (Blue) showing alteration zones in the study area. 
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Figure 7. Extracted lineaments on the shaded relief of the study area. It shows spatial distribution of 

lineaments in the DEM background. 
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Figure 8. Lineaments density map of the study area. 
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Figure 9. (a) Superposition of the extracted lineaments on the pre-existing faults in the geological 

maps of the study area. (b). Corresponding Rose diagram of the faults digitized from the geological 

maps. 
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Figure 10. (a) Lineament map of the study area. (b) Rose diagram of the extracted lineaments. (c) 

Corresponding trend distribution of lineaments. (d) Length frequency diagram of lineaments. 

  

Acc
ep

te
d 

M
an

us
cr

ipt



34 
 

 

Figure 11. Field photographs of lineaments and geological structures visited and verified during 

fieldwork. P1: The Zarka fault; P2: Dar Zkiyek fault; P3: Jbel Bourja fault; P4: The E Dar Eraai 

sinistral strike-slip fault; P5: The Akouarene fault; P6: Tellouja fault; P7: The Koudiet Aglaguel 

reverse fault; P8: The Jamaa El Karn sinistral strike-slip fault; P9: The El Ouadiyine fault; P10: The 

Tassart fault; P11: The Baya reverse fault; P12: The Abyati fault; P13: The Tamalout strike-slip 

fault. 
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Table 1. Technical characteristics of Landsat8 (OLI) (Irons et al., 2012). 

OLI spectral band Spectral range 

(μm) 

Spatial resolution 

(m) 

Band 1: Coastal aerosol 0.43–0.45 30 

Band 2: Blue 0.45–0.51 30 

Band 3: Green 0.53–0.59 30 

Band 4: Red 0.64–0.67 30 

Band 5: Near Infrared 0.85–0.88 30 

Band 6: SWIR 1 1.57–1.65 30 

Band 7: SWIR 2 2.11–2.29 30 

Band 8: Panchromatic 0.50–0.68 15 

Band 9: Cirrus 1.36–1.38 30 
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Table 2. PCA eigenvectors matrix for Landsat 8 OLI images. 

 Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 
Percent of 

Eigenvalues 

PC1 0.14 -0.16 0.43 0.50 0.19 -0.28 0.62 82.70 

PC2 0.17 -0.17 0.40 0.31 0.21 -0.15 -0.77 12.69 

PC3 0.26 -0.13 0.39 -0.06 -0.07 0.86 0.08 3.57 

PC4 0.40 -0.22 0.31 -0.73 -0.04 -0.37 0.07 0.68 

PC5 0.27 0.91 0.26 0.01 -0.10 -0.07 -0.01 0.25 

PC6 0.62 0.03 -0.49 0.03 0.59 0.09 0.04 0.07 

PC7 0.50 -0.17 -0.26 0.30 -0.73 -0.09 -0.04 0.01 
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Table 3. Correlation matrix between different bands of Landsat 8 OLI. 

 Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 

Band 1 1.00  0.98  0.92  0.88  0.24  0.73  0.80 

Band 2 0.98  1.00  0.97  0.93  0.31  0.80  0.86 

Band 3 0.92  0.97  1.00  0.98  0.46  0.88  0.92 

Band 4 0.88  0.93  0.98  1.00  0.43  0.91  0.94 

Band 5 0.24  0.31  0.46  0.43  1.00  0.59  0.48 

Band 6 0.73  0.80  0.88  0.91  0.59  1.00  0.98 

Band 7 0.80  0.86  0.92  0.94  0.48  0.98  1.00 
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Table 4. Mean and standard deviation of each band of OLI images. 

 Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 

Mean 

per 

band 

103.31 104.44 106.13 111.18 181.74 151.06 132.43 

Std. per 

band 
57.35 60.63 65.11 68.40 41.66 55.19 61.75 
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Table 5. OIF score and rank for the band composites in study area. 

Rank Composite OIF score 

1 Band 1 Band 4 Band 5 108.21 

2 Band 1 Band 5 Band 7 105.35 

3 Band 1 Band 2 Band 5 103.91 

4 Band 2 Band 4 Band 5 102.28 

5 Band 1 Band 3 Band 5 101.03 

6 Band 2 Band 5 Band 7 99.44 
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Table 6. Directional filters with 7*7 kernel matrix.  

                 N-S  
             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

             -1.0000          -1.0000          -1.0000          0.0000          1.0000          1.0000          1.0000 

            E-W 
             -1.0000          -1.0000          -1.0000         -1.0000         -1.0000        -1.0000         -1.0000 

             -1.0000          -1.0000          -1.0000         -1.0000         -1.0000        -1.0000         -1.0000 

             -1.0000          -1.0000          -1.0000         -1.0000         -1.0000        -1.0000         -1.0000 

              0.0000           0.0000            0.0000         -0.0000         -0.0000        -0.0000         -0.0000 

              1.0000           1.0000            1.0000          1.0000          1.0000          1.0000          1.0000 

              1.0000           1.0000            1.0000          1.0000          1.0000          1.0000          1.0000 

              1.0000           1.0000            1.0000          1.0000          1.0000          1.0000          1.0000 

                NE-SW  
             -1.4142         -1.4142           -1.4142        -0.7071          0.0000          0.0000          0.0000 

             -1.4142         -1.4142           -1.4142        -0.7071          0.0000          0.0000          0.0000 

             -1.4142         -1.4142           -1.4142        -0.7071          0.0000          0.0000          0.0000 

             -0.7071         -0.7071           -0.7071         0.0000          0.7071          0.7071          0.7071 

              0.0000          0.0000             0.0000         0.7071          1.4142          1.4142          1.4142 

              0.0000          0.0000             0.0000         0.7071          1.4142          1.4142          1.4142 

              0.0000          0.0000             0.0000         0.7071          1.4142          1.4142          1.4142 

           NW-SE 
             0.0000           0.0000            0.0000        -0.7071         -1.4142          -1.4142         -1.4142 

             0.0000           0.0000            0.0000        -0.7071         -1.4142          -1.4142        - 1.4142 

             0.0000           0.0000            0.0000        -0.7071         -1.4142          -1.4142         -1.4142 

             0.7071           0.7071            0.7071         0.0000          -0.7071          -0.7071         -0.7071 

             1.4142           1.4142            1.4142         0.7071           0.0000           0.0000           0.0000 

             1.4142           1.4142            1.4142         0.7071           0.0000           0.0000           0.0000 

             1.4142           1.4142            1.4142         0.7071           0.0000           0.0000           0.0000 
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