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Abstract

:

Quiescent faults may be capable of creating catastrophic earthquakes in locations with moderate and/or low seismic activity, such as Egypt. This study combines structural, remote sensing (  R S  ), geophysical, and seismic activity data to examine and analyze the relationship between tectonic structures and seismotectonic activity in Egypt. In a new seismo-lineaments map of Egypt, tectonic lineaments of the Egyptian mainland were delineated and classified. The database contains 8000 lineaments that were divided into distinct geographical zones using statistical analysis and general features. Delineated lineaments were integrated with digitized geological and geophysical surface and subsurface faults and geographic information systems (  G I S  ) processing techniques were applied to produce 4249 faults. The spatial distribution of seismic activity was determined to extract 1968 competent faults out of 4249 capable faults (i.e., greater than 10 km and suitably orientated concerning the existing stress field). Maximum expected magnitudes (  M  m a x   ) were calculated for distinct seismogenic locations in Egypt, taking into account the nature of the regional rupture. At the national scale, empirical scaling relations between fault lengths and earthquake magnitude were employed for all mapped faults in Egypt. The findings concerning the faults were highly consistent with traditional geological information. The results suggest that our technique for estimating the highest predicted magnitudes produces similar values and might be used to evaluate Egypt’s possible future seismic hazard. The results were compared to seismic databases. The similarity of our results with those reported in the catalogs lends confidence to the proposed scheme.






Keywords:


maximum magnitude estimation; seismic hazard; risk mitigation; Egypt; active tectonic structures; remote sensing; (Mmax)












1. Introduction


Earthquakes, which typically occur along fault lines, abruptly release the gradual building up of elastic strain in the crust. Surface rupturing, whether co-seismic or creep-induced, can cause catastrophic damage, especially when vital lifelines pass through it. Surface faulting danger assessment takes into account any surface consequences caused by capable faults reactivating (i.e., the active faults that can achieve considerable surface ruptures or probable deformations). Surface faulting, landslides, liquefaction, hydrological abnormalities, and other environmental hazards of competent faults play a critical role in seismic hazard assessment [1,2]. This is mostly owing to their relationships with the earthquake’s greatest expected magnitude (  M  m a x   ) and the location of seismogenic sources [3,4,5,6,7,8]. As a result, identifying and characterizing capable faults is an important part of any risk mitigation study [9].



Traditional fault-mapping methods need extensive fieldwork surveys. Fieldwork, on the other hand, is typically time-demanding and might take years to accomplish, depending on the extent and/or accessibility of the region under investigation [10,11]. Fault identification in the field is influenced by topography, erosion, vegetation overgrowth, the geologist’s experience, and several other variables [12].



Remote sensing (  R S  ), on the other hand, has the benefit of delivering regional overviews; as a result, it can immediately determine the properties of geological structures across broad areas [13,14,15,16].   R S   combined with image-processing techniques is a less time-consuming and cost-effective tool for structural identification than field investigations. Nevertheless, such methods do not replace field studies; rather, they complement one another. Satellite images frequently indicate faults as linear or curved traces. These image lines of varying contrast are known as   l i n e a m e n t s   [17,18], and they may range in length from a few meters to tens or even hundreds of kilometers [14,19,20,21]. Furthermore,   R S   technology has been shown to be a particularly efficient technique for data collection, whilst computer methodologies, such as computer-based geographic information systems (  G I S  ), have created new horizons for data storage, combination, analysis, and presentation. For much geological research, such as fault mapping,   R S   and   G I S   integration supports an optimal solution.   R S   and   G I S   capabilities have been highlighted in several studies to improve geological information, amend current geological maps, and find previously unmapped faults [13,14,15,22]. As a result, we chose to employ   R S   and   G I S   to supplement our characterization of fault activity to assess the possibility of surface faulting. Moreover,   R S   can be correlated with seismicity [14,20,23].



It has been determined that the lineaments possess characteristics such as mappability, linearity, simplicity, Earth structure alignments, and geomorphologic subsequences [24,25]. The collection and processing of lineament data are extremely useful in groundwater research, mineral resource mapping, and environmental defect monitoring, such as landslides and gully erosion [23]. Linear features are generally created by tiny brightness and contrast changes in the image, which produce edges. These edges are expressions of change in the composition of natural items on the earth. As a result, the edges can reflect land cover borders, i.e., plant height and its type, stratigraphic data, and shifts in soil tone. Furthermore, the edges imply sudden changes in the topography and utilities, such as bridges, and roads [24]. The extraction and analysis of lineaments from space-borne data are used to derive tectonic conclusions concerning regional-scale rock deformation [24]; accurately defined lineament analysis and mapping can reveal the tectonic features and seismicity. Moreover, lineament investigation is beneficial for seismic hazard assessment [14,23,26].



Egypt is bordered in the west by Libya and in the south by Sudan. Figure 1a shows the Egyptian borders. It is located between the Mediterranean Sea, the Red Sea, the Gulf of Suez, and the Gulf of Aqaba. Egypt is primarily a desert nation apart from the Nile Valley and Delta [27]. Egypt’s geography from east to west comprises the Sinai Peninsula, the Gulf of Suez and Suez Canal, the Red Sea coastal and offshore areas, the Eastern Desert, the Nile valley, and the Western Desert [28]. The African Eurasian plate boundary, the Red Sea plate margin and the Levant transform fault represent Egypt’s tectonic boundaries (Figure 1b). The current tectonic deformation in Egypt is linked to interactions and relative movements along these boundaries, and has far-reaching impacts inside Egypt [29].



Insights into the strain and velocity fields as well as the geodynamic evolution of an area have been provided by the development of global navigation satellite system (  G N S S  ) technology, which is an important tool in the study of crustal deformation [30,31].   G N S S   data analysis is the primary method used to analyze tectonic deformation, which is connected to movements along the tectonic plates. Crustal deformation results from the accumulation of elastic strain; when a threshold is crossed, nearly all of the elastic deformation transforms into permanent deformation via fault rupture [32], which leads to earthquake generation. By integrating   G N S S   with seismicity, it is possible to map and measure strain rates with high spatial resolution and coverage, which is crucial for assessing the seismic hazard unique to a certain fault [31,33]. Geological, seismological, and geodetic techniques, alone or in combination, can be used to determine the strain rate [34,35,36].



As a result, a high to moderate level of risk can be anticipated. The seismic characteristics (i.e., maximum predicted magnitude) of all competent faults in Egyptian territory are required for long-term seismic hazard calculations. There has been a scarcity of paleoseismic investigations for slow-activity faults, on the other hand, and the majority of these faults have yet to be paleoseismologically examined or diagnosed. The lack of paleoseismological data on some faults, or the difficulty in obtaining proof, does not rule out the possibility that these faults are active.



Given the significance of lineaments, an attempt was undertaken to analyze the seismicity of Egypt as a whole by creating a lineament map (with a length of more than 10 km) using satellite   R S   data and linking earthquake epicenters with them [38]. Details from past geological, geophysical, and seismological studies were included in this map to improve it. Rose diagrams, depicting lineament frequency and cumulative length, were created. Data on earthquakes (spatial epicenteral distribution/magnitude) were collected and combined with the lineaments, resulting in the identification of lineaments with a strong correlation to earthquake occurrence. We used various geophysical anomaly data and locations of reported historical and instrumental seismic activities to confirm our findings and learn more about the connections between geological and geomorphological elements and hazardous seismic activity. This seismo-lineament data will be utilized to enhance development of the structural framework of Egypt, and their corresponding lengths will be used to determine the maximum predicted magnitude impacting the area’s numerous tectonic zones. Eventually, paleoseismologists and tectonic geomorphologists attempting to document active faults in the area using trenching and/or LiDAR-based geomorphic analysis might benefit from the study’s outcomes.



The rest of the paper is structured as follows: Section 2 presents the geological aspects and structure setting of Egypt. Then, the regional tectonics and seismicity in the mapped area are discussed in Section 3. Section 4 describes the various geological, geophysical and seismoclogical data collection and surface lineament extraction methods implemented, while Section 5 evaluates the capable faulting potential. Section 6 presents the results and discussion, indicating the maximum expected magnitude estimation for the capable faults of Egypt. Finally, the paper is concluded in Section 7 and future recommendations are provided.




2. Geological and Structural Settings


The majority of Egypt is underlain by deep pre-Cambrian basement rocks, although they are exposed at the surface in some places, such as Gebel Uweinat, Aswan, and the Red Sea Hills (see Figure 2a). This is most likely due to the area being lifted above sea level over such a long period. Egypt was gradually flooded from the north by the Tethys Sea over the Mesozoic Era (from ∼ 240 to 65 Mya) [28]. The majority of the land areas were completely submerged by the time the Cretaceous period began (∼150 Mya) [28]. Nubian sandstone is the most visible formation, covering most of Egypt. It is produced from sediments deposited in the Tethys Sea during this period [39]. The Cenozoic is possibly the most important epoch, since it was when the limestone that covers much of Egypt (see Figure 2a) was put down under vast tropical seas. Significant depths of limestone were put down over the Egyptian mainland as the Eocene (∼57 Mya) proceeded and the coastlines of the Tethys withdrew to the north. The continuous northward retreat of the Tethys is assumed to have been caused by earth movements throughout the Oligocene that lifted the north African mainland (∼36 Mya). As the continent continued to rise, drainage from the higher elevated areas in the east resulted in the creation of rivers in Egypt’s east and north [39]. The run-off from the Red Sea Hills had evolved to the point that it produced an immense southern-flowing river system known as the Qena River by the mid-to-late Miocene (∼5 Mya). The Tethys had reduced so much by the late Miocene (∼5 Mya) as a result of the continuous uplift of the African continent, but also probably owing to a worldwide fall in sea level, that it appears to have dried out throughout significant sections of the Mediterranean basin [40]. From the Pliocene to the Quaternary, the Paleonile was the oldest real river to run through the Eonile Canyon (from ∼3.5 Mya to ∼1.8 Mya). The deep Eonile canyon was nearly filled with marine, estuarine, and, ultimately, river material by the end of the Paleonile era [28]. The dry event that brought the Paleonile phase of Nile development to a close was followed by a wet period that initiated the Protonile phase [28]. The Prenile stage concluded in yet another era of relative aridity, with flow from Ethiopia blocked and replaced by flow from the Red Sea Hills and the Eastern Desert’s system of wadis [40].



Egypt has been separated structurally into two main parts: the Arabo-Nubian massif and the shelf regions [28]. The Arabo-Nubian massif represents a settled tectonic block that includes exposed foundation rocks in the Eastern Desert, the Sinai Peninsula’s southern section, and isolated outcrops in southern Egypt [28]. The stable shelf, unstable shelf, hinge zone, and miogeosyncline are the four units that make up the shelf (Figure 2b). The stable shelf is a pivot that extends from southern Egypt to the Sinai Peninsula in the north. It is characterized by low structural relief, distorted by many sets of regional folds [41,42]. The unsettled shelf spans virtually all of northern Egypt and is characterized by a northward-thinning sedimentary layer underlain by high basement relief due to block faulting [43]. The hinge zone, which separates the unstable shelf from the miogeosynclinal basinal region, roughly corresponds to the current Mediterranean coastline area. According to Kulke [27], Egypt may be classified into five primary morpho-structural units, namely, the Mediterranean fault zone, the north Sinai fold belt (Syrian Arc), the Suez-Red Sea grabens, the southern Egypt intracratonic basins, and a band of linear uplifts and half-grabens, as depicted in Figure 2b.




3. Regional Tectonics And Seismicity


Egypt is located near the southeastern boundary of the eastern Mediterranean area, on the northeastern corner of the African Plate (see index map in Figure 1a). These areas have undergone lengthy and complex tectonic processes [29]. Horizontal motions, rifting, and moderate-to-intense folding were among the tectonic processes that impacted this large area over geologic time and laid the foundation for today’s physiographic pattern. The Gulf of Suez–Red Sea Rift and the Gulf of Aqaba–Dead Sea–Jordan Valley Rift both show evidence of considerable tectonic processes. Through divergent and convergent plate borders, they interact with the Arabian and Eurasian plates, respectively [44]. Since the early Mesozoic, a succession of rifting events has molded these areas, forming the northeastern border of the once-continuous Afro-Arabian continent. The Red Sea plate margin, the African-Eurasian plate margin, and the Levant transform fault are the principal tectonic components impacting Egypt [45]. In the geodynamic reconstructions of Egypt (Figure 1b), several plates are involved. The first one is the Sinai sub-plate which is a minor component of the Middle East’s greater regional and basic tectonics. Its base stretches along the Cyprian Arc (CA) and the southwestern section of the East Anatolian fault in the north [46], while its apex lies near the point of the Sinai Peninsula in the south, forming an inverted triangle. The Suez Rift (SR) is the only known component of the second arm, whereas the Dead Sea transform (DST) is a well-defined arm of the triangle. The majority of the seismicity and seismic moments occur along a seismogenic zone that runs along the DST, the CA, and the Suez Rift [42,47,48]. Seismic activity has stopped north of the Gulf of Suez, showing the link between the region and the African Plate [49]. The Aqaba Transform fault separates the Gulf of Suez from the Red Sea, creating a northwest-trending intracratonic basin. The Gulf of Suez Rift is made up of three distinct tectonic territories, split by two zones. The northern accommodation zone is oriented toward the east, whereas the southern zone is oriented toward the west [50]. The regional SW dip is characteristic of the northern and southern tectonic provinces, whereas the regional NE dip is characteristic of the central tectonic province. The N-S faults that run along the southern margin of the Gulf of Suez represent the transition between the shallow-water Suez basin and the deep northern Red Sea basin [50,51]. The Aqaba–Levant fault zone is a large left-lateral strike-slip fault that allows Africa and Arabia to move together. It connects the northern Red Sea’s expansion zone to the Taurus collision zone to the north. The primary faults in this zone are N-S to NNE-SSW in orientation. They may be found in the Gulf, as well as in the Sinai and Arabian deformed coastal areas [26,52].



The Red Sea’s northern province denotes an active rift in the last phases of continental rifting when the shift to oceanic seafloor spreading has begun. It is defined by a broad main trough that is bordered by steep continental slopes [53,54]. Except for the northernmost portion (Gubal, Tiran), which has an E-W slope, the continental slopes are generally NW-SE. The tectonic movements that are now active are defined by a concentration of extension and deformation in the axial depression, as well as by the emplacement of many massive intrusions [26,55]. In the eastern Mediterranean, the Cyprian Arc is a portion of the plate boundary between Eurasia and Afro-Arabia. The Cyprian Arc and its extension on land, according to most studies of the eastern Mediterranean, define a plate boundary. Seismic activity and gravity anomalies show that the process of the western part congregation of the Cyprian Arc is a northward sinking of oceanic material associated with movement of the African Plate beneath the Turkish Plate [46,56]. The collision of the Eratosthenes Seamount with the core part of the Cyprian Arc interrupts subduction and creates a zone of extreme deformation.




4. Materials and Methods


The data and methods used in lineament extraction are quite important. Figure 3 shows the method for extracting, processing, and analyzing lineaments in detail [24,57].



4.1. Geological and Geophysical Data


One of the most convincing arguments or pieces of evidence for fault activity is the crosscutting or non-crosscutting relationship with a datable unit. The structural aspects of young geologic units adjacent to faults may also provide information about the activity of a fault. Adjacent units may be brecciated and shattered, have open fissures, be tilted or warped, or have secondary effects of faulting and show liquefaction effects (e.g., sand boils and sand dikes). Geological data were utilized in the identification and mapping of faults. Geological paper (Figure 2a) and main structural elements maps (Figure 2b) were digitized and utilized to create vector maps of the geological structure layer, which were then compared to remote-sensing data to improve and clean the outlined lineaments. Recognition and precise mapping of faults in many zones of neotectonic activity, particularly at or near plate boundaries, is possible using the geological map (Figure 2a) and the main structural element maps (Figure 2b), which has led to recent advancements in the identification of capable faults. Regional tectonic data (Figure 4a) was also included in the construction of the final capable faults map. The African-Eurasian plate margin, the Red Sea plate margin, and the Levant transform fault are the principal tectonic components impacting Egypt. These plates have played a role in Egypt’s geodynamic reconstructions. The last integrated layer to determine capable faults that impact Egypt is the geophysical layer, which was created via scanning and georeferencing numerous published research maps. Recent fault detection and delineation investigations have employed a variety of geophysical methods. Gravity techniques are best for investigating fault zones if there is a significant density difference between the materials on each side of the fault. These techniques are particularly useful in areas where extensional faulting is present. Surface magnetic, aeromagnetic, and microwave survey methods may be used to discover and outline faults that have been hidden by recent sediments, as well as to contour the thickness of basin fill at low cost [14,15,20,39,41,53,54,58,59,60,61,62,63,64].




4.2. Collected Seismic Activity


To examine how earthquakes are distributed in terms of time, geography, and magnitude, an area must have a comprehensive and consistent earthquake database. The approaching motion and contact of the plates of Eurasia, Africa, and Arabia cause seismic activity in Egypt (Figure 4a). It has a four-millennia-long historical record of earthquakes [69]. Data on focal mechanisms were gathered into a single database [65,66] after being investigated using various local and international sources (Figure 4b). In Egypt and its surrounds, more than 600 focal mechanism solutions were gathered, encompassing various seismically active zones. A magnitude of three or above characterizes the majority of them. Based on a uniform collected earthquake inventory [68], the current investigation identifies and characterizes regional seismic source zones. Egypt’s historical seismicity (Figure 4c) has been documented over the last 4800 years. Around 83 historical events happened in and around Egypt, causing varying degrees of devastation in various places [67]. Several significant incidents occurred around the Red Sea’s edge and the Gulf of Suez. The epicentral distribution map (Figure 4c) reveals that seismic activity in the northern Red Sea is concentrated around the Gulf of Suez’s entrance, and that activity in the middle of the Red Sea is continuous southward [70,71]. The junction of NW (Gulf of Suez-Red Sea) faults with the Aqaba trend, as well as plutonic activity, might explain the cluster of activity at this location. Few occurrences occur along the transform faults that span the rift axis in the middle Red Sea. The first is near the Gulf of Suez’s southern end. The second is in the Egyptian Red Sea Hills. Both have been identified as hotspots for micro-earthquakes. Along the Suez Rift, the seismic activity extends to the north, including the northern section of the Eastern Desert. This seismic trend is the most active within Egypt’s landmass, extending northwest toward Cairo and Alexandria in the Mediterranean Sea. The Red Sea rifting, as well as multiple active faults with NNW tendencies parallel to the Red Sea-Gulf of Suez direction and its continuation toward the east Mediterranean, are responsible for the activity of this trend [70]. The most active seismic zone in the Gulf of Suez is the southern section, which is the location of the greatest event, which occurred in 1969. The relatively high degree of local seismicity along the Gulf of Suez-Cairo-Alexandria Zone indicates tectonic activity, as evidenced by a long historical record that includes multiple large-magnitude shocks. In the Gulf of Suez, seismicity data shows two distinct NW-SE patterns [51,68,72]. The occurrences of the two trends might be linked to the Precambrian outcrops of southern Sinai and the Gulf of Suez depression’s bounding faults (Figure 4d). The occurrence of swarms is the major feature of seismicity in the Gulf of Aqaba. Before 1995, the Gulf area was hit by several swarms over the previous 12 years (Figure 4c,d). The ones that stand out are those that happened in 1983, 1990 and 1993. The prevalence of earthquake swarms in the Aqaba Gulf appeared to be spreading southward. It should be noted that the devastating earthquake of November 22, 1995 (  M w   = 7.2) occurred close to the 1993 swarm location in the Aragonese Deep’s eastern border. The main shock in the Gulf of Aqaba in November 1995, and its subsequent aftershock series, were significantly more catastrophic than any previously known seismic sequence with a main-shock–aftershock pattern. An NNE-SSW linear trend may be seen in the epicentral distribution of its aftershocks [50]. Although Egypt is classified as having low to moderate seismicity, it has been subjected to a variety of severe earthquakes throughout its history. An earthquake of a magnitude of    M b  = 6.3  , which is equivalent to    M s  = 6.9  , struck the Gulf of Suez’s entrance on March 31, 1969, inflicting serious destruction in Egypt and being felt strongly in Saudi Arabia. On November 14, 1981, an earthquake of a magnitude of    M b  = 5.3  , which is equivalent to    M s  = 5.6  , struck the Aswan region. In the epicentral region, eleven structures were damaged and surface faulting was noted [73]. The most recent destructive earthquake occurred on 12 October 1992, near Cairo, with a magnitude of    M b  = 5.9  , which is equivalent to    M s  = 5.3  . It was one of Egypt’s most devastating earthquakes this century. In the Cairo region alone, at least 541 people were killed, 6500 were wounded, and 8300 houses were destroyed. Damages were estimated to be around USD 300 million based on preliminary estimates [74]. Many ancient structures (such as mosques, pyramids, and temples) were damaged by the earthquake, according to reports [63]. Figure 4c depicts the significant events that have impacted Egypt.




4.3.   R S   Data Acquisition


Because of its synoptic vision and capacity to gather information across a span of wavelengths, Landsat and other satellite images have often been suggested as the appropriate data source for lineament extraction and structural development. For fault segment susceptibility mapping (possible fault zone mapping) in the research region, a 30 m spatial resolution of the digital elevation model   D E M   was utilized, which reflects the surface topography measured in a regular grid. Bare-earth DEMs are used to identify geomorphological characteristics and map topographic lineaments as they depict the Earth’s surface after man-made items and plants have been removed [20,75,76,77,78].



The DEMs were generated from the Shuttle Radar Topography Mission   S R T M  . Because of its superior vertical accuracy [79,80,81,82], which aids in the extraction of lineaments in rugged terrain and has been successfully employed in lineament studies, particularly for highlighting geologic structures and fractures controlled by topography [83,84,85,86], SRTM-DEM is preferred over other satellite data, such as the ASTER-GDEM. It is of note that SRTM-DEM with 30 m spatial resolution has been obtained from the United States Geological Survey (USGS) and has been subjected to shaded relief mapping to enhance the perception of the structural features [87]. Accordingly, it sharpens the boundary between the adjacent areas and assists in identifying the various lineament features. The ASTER SRTM-DEM is a collection of 1° by 1° tiles that spans 22°N and 31°N and has an estimated precision of 20 m for vertical data and 30 m for horizontal data at 95 percent confidence [88]. The SRTM-DEM is a GeoTIFF file with a 1 arc-second (30 m) grid, as shown in Figure 5a. When picking DEM visualizations for lineament mapping, care should be taken. A basic gray-scale or color image of a DEM illustrates the broad topography of the ground, but it lacks fine details, making it unsuitable for lineament mapping. Different visualization approaches have proven successful in augmenting terrain characteristics to facilitate lineament extraction, particularly shaded relief representations of DEMs [89]. The prepared shaded-relief image that will be utilized for automatic lineament extraction is shown in Figure 5b. Shaded-relief images were produced by applying analytical hill shading [90]. By inputting both altitude and azimuth parameters, it is possible to replicate topographic lighting under various artificial light directions. The brightness of a grid cell in a shaded relief depiction is governed by the angle between the surface normal and lighting direction, producing the appearance of a landscape lit by a user-defined sun position. The solar elevation angle (angle from the horizon) and the solar illumination angle or azimuth (direction of the sun’s beams in relation to the north) are the two basic inputs for constructing a hill shadow map. Lower sun angles were more efficient in highlighting small topography changes in low relief zones in the research area [91]. More shadows emerged from the decreased light angle, making lineament detection easier.




4.4. Automatic Surface Lineaments Extraction


Several lineament researchers have used either an automated or a manual technique to generate lineaments [24].



The azimuthal directions of the utilized DEM were varied across a variety of orientations, including 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°. These azimuthal directions were chosen to allow for comprehensive lineament extraction throughout a 360° orientation. An ambient light setting of 0.07 with a light direction of 25° aided the creation of shaded relief images. The hillshading shadow darkness and hillshading from direct light were both kept at 0, whereas the vertical exaggeration was retained at 2.0. Eight shaded-relief images were spatially created from DEM based on azimuthal directions. The generated shaded-relief images (see Figure 6 and Figure 7) that were generated from DEM data are not influenced by weathering or other factors, and have a high level of precision and capacity to indicate the Earth’s surface vertical extension [24,84,87].



Computer-assisted software is used to perform automated lineament extraction. Enhancement, filtering, edge recognition, and lineament extraction are all part of automated processing. The noise, threshold, size, and orientation of linear features are all taken into account by an automatic lineament extraction technique [24,84]. The initial phase to extract linear topographic features from the DEM was the creation of eight different shaded-relief mosaics, shown in Figure 6 and Figure 7, which were then blended into a single image (Figure 6e and Figure 7e) using a   G I S   overlay approach.



In recent years, the Geomatica software   L I N E   module has become the industry standard for automated geological lineament extraction [83,92]. Using edge detection, thresholding, and curve extraction of the LINE module can extract the lineaments and change them into vector format depending on the input parameters. These parameters are: filter radius (  R A D I  ), with recommended values of 3–8 pixel, edge gradient threshold (  G T H R  ), with acceptable values of 10–70, curve length threshold (  L T H R  ), with a common value of 10 pixel in most cases, line-fitting error threshold (  F T H R  ), with recommended values of 2–5, angular difference threshold (  A T H R  ), with an appropriate angle of 3–20 degrees, and linking distance threshold (  D T H R  ), with efficient values between 10 and 45 pixels [84,92].



In the current study, the suggested values for filter radius (  R A D I  ), edge gradient threshold (  G T H R  ), curve length threshold (  L T H R  ), line-fitting error threshold (  F T H R  ), angular difference threshold (  A T H R  ), and linking distance threshold (  D T H R  ) were selected based on several trail and error tests. The utilized threshold values of the six parameters controlling extraction of the lineaments are given in Table 1. To obtain the optimum threshold values, general features of lineaments, such as length, curvature, segmentation, separation, and so on are taken into account.



There are three steps in the   L I N E   module detection technique. The input image is first filtered with a Gaussian function, the radius of which is determined by the   R A D I   parameter. Then, the gradient is calculated using the filtered image. Finally, pixels with non-local maximum gradients are suppressed where the edge strength   =   0  . To obtain a binary image, a threshold is employed for the edge strength image in the second stage. An edge element is represented by each pixel in the binary image. The   G T H R   parameter determines the threshold value. Curves are recovered from the binary edge image in the third stage. There are multiple sub-steps in this phase. To create pixel-wide skeleton curves, a thinning procedure is first performed on the binary edge image. The image is then used to extract a series of pixels for each curve. If a curve has a pixel number less than the parameter value   L T H R  , it is no longer processed. Piecewise line segments are fitted to an extracted pixel curve to transform it into vector form. The generated polyline is a close approximation of the original pixel curve, with the   F T H R   parameter defining the maximum fitting error (distance between the two). Finally, the technique connects polyline pairs when the two polyline end segments face each other and have a similar orientation (the angle between the two segments is smaller than the parameter   A T H R  ) and the two end-segments are near each other (the distance between the end points is less than the parameter   D T H R  ). The automatically extracted lineaments for the first four angles mosaic are shown in Figure 6f, while the extracted lineaments for the remaining four angles are shown in Figure 7f.





5. Capable Faulting Potential Assessment


Visual inspection of the final produced lineaments maps (Figure 6f and Figure 7f) indicated that all of the lineaments are organized and follow consistent directions. The regional trends of the significant lineaments are dominated by two major directions: the NNW–SSE direction, which runs parallel to the Red Sea coastline line, and the ENE–WSW direction, which runs approximately perpendicular to the preceding one. The numerous lineament orientations are generally congruent with faults and lithological connections according to the geological map [28] of Egypt.



It is not always easy to evaluate or identify capable faults, especially with respect to determining their seismic potential. Numerous factors hinder the recognition of capable faults, such as poor surface exposure, plastic deformation of near-surface materials, conflicting or incomplete geologic, seismologic, or geophysical observations, and basic assumptions about fault activity or non-activity. Several thematic layers were selected, scanned, and georeferenced in the current study to be included in the   G I S   geodatabase of capable faults. The entire process utilized to define the capable faults is depicted in Figure 3.



The intersections of all input layers were computed using the pairwise Intersect tool. Instead of considering all possible combinations of characteristics, intersections were calculated based on pairs of features. Pairwise intersection takes one feature from the first input and intersects it with the features in the second input with which it overlaps. The distribution of major surface and subsurface faults are shown in Figure 8a and are included as a thematic layer in the   G I S   database.



All the structural data acquired to describe fault activity in Egypt are depicted in Figure 8. The locations of reported historical and instrumental seismic activities, as well as field surveys, were used to validate our findings and to enable better understanding of the relationships between geological and geomorphological features and large-scale seismic activity, after integrating various geophysical anomaly data.



Mainland faults are predominantly normal or strike-slip faults, with lengths that typically range from a few to a couple of tens of km and generate seismic hazards from shallow earthquakes. Their importance in seismic hazard assessment is great, since they commonly bound fault valleys (grabens) in which the largest percentage of Egypt’s population lives. Therefore, their size is not such an important factor for assessment of seismic hazard, as is their proximity to populated places. A characteristic example is the Ms 5.9 Dahshour earthquake in 1992, which was produced by a relatively small fault; it did, however, inflict severe damage to hundreds of buildings and had fatal consequences.



Offshore faults can be of any kind, lthough they tend to be normal or strike-slip faults in the Red Sea and the Mediterranean Sea. Depending on their type, they can be from a few to several tens of km long. They are the sources of the largest earthquakes observed in Egypt, as they are commonly directly or indirectly associated with tectonic activity.




6. Results and Discussion


One of the most important activities for assessing seismic danger in any location is estimation of the   M  m a x    earthquake.   M  m a x    is defined as the seismic regime in an underlying tectonic setup that is physically capable of happening within a specific seismic regime [93].   M  m a x    is usually calculated using one of two methods: deterministic or probabilistic. When the historical seismological record is longer than the recurrence interval of   M  m a x   , or when the seismicity rate in the mapped region is high, it is determined deterministically by adding an increment value to the greatest magnitude detected in the region [94,95]. Kijko [96] described numerous approaches for estimating   M  m a x    statistically or probabilistically using seismic data from a specific location.



Estimation of Maximum Magnitude for the Capable Faults of Egypt


The basic goal of every tectonic investigation is to estimate the size of the greatest earthquake that might be caused by a given fault. According to Klügel [97], we should utilize geology and seismic history to identify earthquake sources and interpret the largest earthquake that each source is capable of creating, independent of the time for seismic hazard assessment [1,23,76,98,99,100,101,102]. These are the greatest earthquakes that may be realistically predicted, or the maximum credible earthquakes (MCEs). The regional rupture characteristic and potential earthquake zones were taken into account while estimating the   M  m a x    forecast for Egypt’s competent faults. Past earthquake rupture lengths were calculated and utilized to determine the region’s rupture nature.



Earthquakes, according to the energy release idea, relieve the strain energy that builds up on faults, therefore they should be more likely to occur in locations where there has been little or no seismic activity for a long period [103]. In areas where no major earthquakes have occurred, but small earthquakes have been documented, potential seismogenic sources have been found (Figure 8). These sources have not entirely released the stored energy, indicating the possibility of future earthquakes. These areas are understood to be the region’s most likely earthquake zones. In and around Egypt, 2967 such possible locations have been found (Figure 8). The regional rupture nature and the length of the seismogenic source adjacent to the zone are used to determine the maximum typical earthquake magnitude.



Because the objective of most mapping is not to find flaws, the veracity of the map created might be questioned. As a result, the lineament map’s total accuracy is 38.69 percent. When examined for the region around the Egypt fault zone, this accuracy rises to 50.28.



Numerous empirical connections have been developed from various datasets [104,105], implying that the empirical relationship chosen should take into account the dataset’s properties, such as the geological condition and seismicity. The recently determined relationship [104] between the maximum moment magnitude and the surface rupture length (SRL) was employed in the current investigation. Once again, the maximum characteristic earthquake magnitude is estimated by considering the regional rupture character and the length of the seismogenic source close to the zone. Figure 9a illustrates the delineated capable faults, while Figure 9b depicts the spatial distribution of   M  m a x    in the mapped area. To test the reliability of the estimated   M  m a x    values, they were compared with   M  m a x    determined from the most recent seismic source zones in Egypt proposed by [65,106,107]. Table 2 lists the comparison values of   M  m a x   .





7. Conclusions and Recommendations


This study involved the analysis of the regional tectonic properties of rocks inside the Egyptian mainland using DEM-derived lineaments. DEM is useful for creating and analyzing the deformation associated with regional scale tectonic activity in several places, especially, in rocks. Topographical information collected from DEM has been connected to numerous structural effects, such as faulting, folds, and fractures. Lineaments are geomorphological structures that are surface manifestations of structural characteristics. By locating and ground-truthing lineaments, faults that were previously ignored because of their delicate features may be recognized and mapped.



The interpretation of the deformational properties of the seismotectonic evolution of Egypt requires detailed study and delineation of tectonic faults on the Egyptian mainland. The disclosure of these tectonics that is evident at the surface can aid in their mapping utilizing various geographical data. Although DEM has been employed in lineament production and extraction in the past, the use of a hybrid multi-directional lineament extraction procedure is unique and may be used to extract lineaments inside seismo-tectonic activity zones.



The major conclusions of this study are as follows:




	
The automated lineament extraction failed to detect the faults or fault zones that exist in the region. Moreover, the length and pattern of the defects were the issues that this study had to deal with. Consequently, we conducted further studies using the manually derived lineaments.



	
A manual approach was anticipated to be successful in extracting the lineaments in the mapped area. The fault map of the area derived from the literature was compared to the resultant lineament map.



	
According to the lineament maps, any fault zones in the plotted region exist with equivalent densities to the Egypt fault zone. These zones may be found in the area’s southwestern, northeastern, and southern regions. The middle areas of the area, it was found, had more faults than the fault map of the area indicated. Due to extensive foliage and rugged topography, these faults are unlikely to be mapped. In the area, a fault trend different than the NE-SW direction (the Egypt fault zone pattern) is stressed. This is an NW-SE tendency that is typically seen in the area’s central areas.



	
Satellite   R S   techniques can be used to examine active faults in a weakly active tectonic region, contributing to significant engineering projects and neotectonic research.








Accordingly, the following recommendations are provided for stakeholders:




	
Field investigations (ground truth studies) are recommended as the most effective method of determining the correctness of the extracted lineaments.



	
There is no consensus on how to choose the best band for manual lineament extraction. As a result, it is suggested that the geology, topographic, and vegetation cover of the chosen location be taken into consideration.



	
Manual lineament extraction is a technique that is entirely reliant on the user. The expert’s knowledge improves the map’s overall trustworthiness.
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Figure 1. (a) Digital elevation model (  D E M  ) of Egypt’s geographical location map and its corresponding distinct regions. (b) Tectonic boundaries of Egypt and the eastern Mediterranean region and shallow regional seismicity pattern (focal depth ≤ 60 km) [37]. Aegean Sea (  A E G  ); Alexandria (  A l  ) City; Cyprus (  C Y  ); Eratosthenes (  E R A  ) Seamount; Florence (  F L  ); Ionian Basin (  I B  ); Mediterranean Ridge (  M R  ); Levantine Basin (  L E V  ); Levant Fault (  L F  ). 
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Figure 2. (a) A simplified geological map of Egypt [28], (b) Map of Egypt and the southeastern Mediterranean Sea with the essential structural elements and sedimentary basins [27]. 
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Figure 3. (a) The adopted analysis process in this study. (b) The LINE module’s processing flow [24]. 
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Figure 4. (a) Digitized surface traces of geological faults from [14,15,20,39,41,53,54,58,59,60,61,62,63,64]. The thin lines represent the geological identified faults and the thick lines represent the geophysical faults. (b) Distribution of the focal mechanism solutions in and around Egypt [65,66]. Symbols and focal sphere sizes are in proportion to the moment magnitude. Focal sphere colours refer to different fault types (blue: strike-slip; green: normal; red: reverse). (c) Significant historical and instrumental events have affected the area. Historical events are compiled from [67]. Dark lines are geological faults. (d) Compiled seismic activity catalog based on Egyptian instrumental seismicity [68]. 
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Figure 5. (a) ASTER SRTM-DEM with 30 m spatial resolution by the USGS. (b) Shaded-relief images utilized for automatic lineament mapping. 
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Figure 6. Enhanced shaded-relief images generated from a DEM: (a) for azimuth direction of 0°; (b) for 45°; (c) for 90°; (d) for 135°; (e) for automatic lineament mapping, (f) automatic extracted lineaments. 
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Figure 7. Enhanced shaded-relief images from DEM: (a) for azimuth direction of 180°; (b) for 225°; (c) for 270°; (d) for 315°; (e) overlay image for automatic lineament mapping, (f) automatic extracted lineaments. 
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Figure 8. (a) Distribution of major surface and subsurface faults. Compiled and redrawn from [14,15,20,39,41,53,54,58,59,60,61,62,63,64], (b) Kernel density map for all lineaments, surface and subsurface faults. 
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Figure 9. (a) Map of capable faults identified in Egypt, (b) Spatial distribution of   M  m a x    for capable faults of Egypt using fault lengths and earthquake magnitude regression. 
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Table 1. The parameters of filter radius (  R A D I  ), edge gradient threshold (  G T H R  ), curve length threshold (  L T H R  ), line-fitting error threshold (  F T H R  ), angular difference threshold (  A T H R  ), and linking distance threshold (  D T H R  ) implemented in Geomatica software’s   L I N E   module [92] to extract surface lineaments.
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	Parameter
	Value
	Parameter
	Value





	RADI
	3 (pixel)
	FTHR
	2 (pixel)



	GTHR
	15
	ATHR
	10



	LTHR
	10 (pixel)
	DTHR
	20 (pixel)
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Table 2.   M  m a x    Comparison.
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	Seismogenic

Zone Number
	   M max    by [106]
	   M max    of Current Study
	   M max    by [107]
	   M max    of Current Study
	   M max    by [65]
	   M max    of Current Study





	1
	6.44
	6.21
	5.72
	5.9
	4.4
	5.5



	2
	5.3
	5.03
	6.02
	6
	7.2
	6.89



	3
	7
	6.64
	4.88
	5
	VIII-IX
	6.2



	4
	4.9
	4.52
	6.89
	6.2
	4.5
	5.2



	5
	6.6
	6.43
	4.9
	5
	5.2
	6.1



	6
	6.5
	6.07
	6.19
	6.5
	4.8
	5



	7
	4.8
	4.59
	4.92
	5.1
	VIII
	5.8



	8
	4.1
	4.02
	4.38
	5.2
	XI
	6.7



	9
	3.9
	3.6
	4.92
	5
	X
	6



	10
	4.2
	3.83
	5.41
	6
	VIII
	5.7



	11
	6.1
	5.77
	4.95
	5.5
	IX-X
	7



	12
	4.9
	4.77
	6.5
	6.9
	VI-VII
	5.9



	13
	5.7
	5.6
	4.92
	5.3
	4.7
	5.2



	14
	6.13
	5.77
	6.54
	6.8
	5
	5.2



	15
	5.6
	5.39
	4.72
	6
	6.8
	6.7



	16
	5.9
	5.43
	6.24
	6.5
	6.2
	6



	17
	6.2
	6.05
	5.41
	5.7
	6.6
	6.1



	18
	4.2
	3.84
	5.07
	7.5
	4.5
	5.3



	19
	6.7
	6.67
	7.34
	7.3
	3.9
	5.6



	20
	7.2
	6.93
	6.4
	6.5
	4.7
	5.6



	21
	6.3
	6
	7.02
	7.2
	6.2
	6.3



	22
	6.6
	6.38
	5.42
	5.7
	5.8
	6.1



	23
	6
	6
	5.3
	5
	VIII
	5.8



	24
	6.6
	6.3
	5.7
	5.5
	IX-X
	6.1



	25
	7.7
	7.39
	5.79
	5.6
	X
	6.5



	26
	5.6
	5.59
	6.53
	5.9
	6.5
	6.5



	27
	7.5
	7.31
	6.62
	6.5
	VIII
	5.7



	28
	5.2
	4.9
	5.92
	6
	5.3
	6.1



	29
	4.2
	4.01
	6.71
	6.3
	
	



	30
	4.9
	4.67
	6.76
	6.7
	
	



	31
	4.4
	4.19
	6.8
	6.7
	
	



	32
	7.5
	7.45
	5.19
	5.3
	
	



	33
	7.2
	7.14
	6.03
	6
	
	



	34
	6.8
	6.48
	7
	7
	
	



	35
	6.5
	6.33
	6.79
	6.8
	
	



	36
	6.6
	6.19
	8.01
	7.9
	
	



	37
	7.7
	7.36
	7.13
	7.2
	
	



	38
	5.1
	4.69
	4.64
	6.5
	
	



	39
	7.7
	7.34
	
	
	
	



	40
	7.3
	6.96
	
	
	
	



	41
	7.2
	7.14
	
	
	
	



	42
	7.6
	7.34
	
	
	
	



	43
	6.5
	6.51
	
	
	
	



	44
	6.9
	6.87
	
	
	
	



	45
	6.1
	6.03
	
	
	
	



	46
	7.2
	6.93
	
	
	
	



	47
	6.2
	6.11
	
	
	
	



	48
	5.6
	5.25
	
	
	
	



	49
	5.8
	5.74
	
	
	
	



	50
	7
	6.85
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