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Abstract

:

Geological lineaments are linear or curvilinear surfaces that are considered a superficial expression of discontinuities on the earth’s surface. The extraction of lineaments from remotely sensed satellite data is one of the most frequently used applications of remote sensing in geology. This study focuses on the semi-automatic extraction of lineaments in the Girón–Santa Isabel basin using a Topographic Position Index (TPI). The lineaments were extracted in the PCI Geomatics 2016 software and analyzed in the ArcGIS and Rockworks software. Statistical and density map analyses of the lineaments were performed; then, these results were interpreted to obtain the geological lineaments. Finally, a bibliographic verification was carried out, and structures such as faults and folds were defined. The total number of geological lineaments was 76, and 71 of them were defined as faults, the longest with a length of 33 km. It was determined that the preferential orientation of the lineaments is NE–SW, which is consistent with the axis of the Girón–Santa Isabel basin. This methodology can be useful to optimize time and reduce costs when gathering the structural information of the study area in the first stage of geological and mining prospecting or the educational field.
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1. Introduction


The morphology of the earth’s surface is influenced by the joint actions of the internal (tectonism and volcanism) and external processes (denudation/erosion) of the planet [1,2]. Geographic features are related to these processes, in addition to lithologies, structures present, and the distribution of soil or other unconsolidated surface material [3]. In the early 20th century, the word “lineament” was applied to the characteristics of the earth’s surface [4]. Later, this term was expanded, and new definitions of lineaments emerged [5,6]. Lineaments are defined by [7] as any mappable linear feature of the earth’s surface, differentiated by distinct patterns of features that are aligned in coherent rectilinear or slightly curvilinear structures.



According to their genesis, three types of lineaments are found: (1) geological lineaments, (2) morphostructural lineaments, and (3) non-geological lineaments. Geological lineaments are mappable linear surfaces, generally considered a superficial expression of the discontinuities of geological structures, such as faults, fractures, joints, or lithological limits [8]. The morphostructural/topographic lineaments are caused by geomorphological processes; they correspond to the linear features of valleys, river drainage systems, and ridges [7]. Finally, linear non-geologic features are those created by human activity, such as roads, railways, crop field boundaries, or any changes in land use patterns [9].



Morphostructural lineaments can have a good equivalence with tectonic structures, such as fractures and faults [10,11]. These can be identified by the presence of rupture figures and characteristic displacements on the surface and can be inferred by the presence of topographic and morphological features such as slope changes, fault scarps, depressions, and valleys [12]. Furthermore, these features include vegetation and soil moisture, which can be studied using the attributes of hue, color, texture, pattern, and topography [13,14].



Thus, by applying remote sensing and geomatic techniques in the structural analysis of the earth’s surface, it is possible to map the characteristics of the terrain [15]. This facilitates obtaining structural and geological information from large or difficult-to-access areas through remotely sensed data, Geographic Information Systems (GIS), and database management [16]. In remote sensing, various methods can detect geological lineaments; these techniques can be differentiated into three groups [9]:




	
Manual lineament extraction is applied when the main objective is to delineate geological features [17]. It uses image-filtering techniques, band analysis, and transformation, among others. It is performed with visual interpretation and the manual digitization of the lineaments by human operators [18,19].



	
Semi-automated lineament extraction is performed by analyzing digital images through an initial automated process (the detection and extraction of the lineaments) and a second phase that corresponds to the interpretation and addition of the detected lineaments. This last step is performed by an operator [20,21] since after extracting the lineaments, manual editing is required to achieve a complete and correct set of linear features [22].



	
Automated lineament extraction is performed by analyzing digital images thanks to computer-assisted software. This automated processing includes the development of various algorithms responsible for improving the image, filtering, and detecting edges; it concludes with the extraction of lineaments and delivers the final lineament map in vector format. Some algorithms can be used, such as Hough Transform [23], Segment Tracing Algorithm (STA) [20], Lineament Extraction and Stripe Statistical Analysis (LESSA) [24], Canny Algorithm [25], and Lineament Detection and Analysis (LINDA) [26]. According to [27], the automated algorithms implemented in the extraction of lineaments consider the noise, the threshold, the size, and the orientation of the linear features. The automatic extraction process depends on the efficiency of these algorithms, as well as the content of the information present in the base image [28].








Automated extraction generates results in less time and detects more structures than manual detection. However, although automated lineament extraction methods help the analyst to produce the result in less time, they still have drawbacks since the extracted lines do not usually correspond to the geological structures of the analyzed area. Therefore, the user or analyst must evaluate the extracted lineaments or integrate the manual interpretations. For many years, researchers performed the visual interpretation and extraction of lineaments manually, as this was the conventional methodology; however, the influence and growth of technological progress have taken this process from the interpretation of aerial photographs using stereoscopes to the analysis and interpretation of remotely sensed data [29] (satellite images, digital elevation models (DEM), and digital terrain models (DTM) on computers) [30,31,32,33,34,35,36]. As a result, implementing semi-automatic and automatic methodologies is becoming more common due to timesaving and the optimization of results. These processes generally use satellite images (Landsat, ASTER, and Sentinel, among others), DEM, and Hillshade (shaded relief model) [3].



Nevertheless, the use of these inputs has important considerations. Interpretations of lineaments made on aerial photos and satellite images are biased due to the sun’s position. These images provide a spectrum of information that includes anthropogenic features [9]. If hillshade is used, an analysis must be carried out, and a set of shaded relief models must be used since the information in these models depends on the direction of illumination. Therefore, the result obtained is influenced by the sun’s azimuth, the slope, and the vertical exaggeration with which the hillshade is generated. That is, several models must be developed to ensure a better result.



An essential point when using DEMs (especially DEMs that result from RADAR data, for example, the DEM ALOS PALSAR) as inputs in the detection of lineaments is that the elevation data are based solely on natural topographic information. Then, data corresponding to manmade features such as streets, canals, field boundaries, etc., will not be presented when obtaining the lineaments. Furthermore, the resolution in the source data is a limitation in the structural interpretation of landforms [37]. This limitation is related to the remote sensing techniques used and the auxiliary information (maps, geological data, maps, and field observations) that can support the interpretation. Therefore, the present study proposes a semi-automated methodology to extract geological lineaments using remote sensing and GIS data.



Bearing in mind the considerations mentioned about satellite images and hillshade, in our study, we propose performing the analysis and automatic lineament extraction with a Topographic Position Index model (TPI) derived from a DEM. The important thing about using this model as a base image is that the TPI homogenizes the topography, discretizing the area and enhancing the relief so that mountaintops and valleys are more clearly differentiated, so only a TPI is generated from the DEM [38]. Therefore, this study aims to extract geological lineaments from the Santa Isabel–Girón Basin using remote sensing data and GIS technology, combined with statistical analysis and photogeological interpretation, to understand the spatial concentration and orientation of the lineaments in the study area.




2. Geomorphological and Geological Settings


The Girón–Santa Isabel area (Figure 1) is located in the southern inter-Andean region of Ecuador in the province of Azuay. It comprises 2304 km2 of different landforms due to climatic, lithological, and tectonic factors.



2.1. Geomorphology


The relief is generally hilly and mountainous with an intermountain valley (the Girón–Santa Isabel Basin). The study area is between 833 to 4265 m above sea level. The higher areas rise steeply from the central zone to the northwest of the study site. The geomorphology of the sector is characterized by relatively steep slopes (slope 30–80°) in the northeast, southcentral, and southeast and an almost flat plateau with a gentle slope northcentral (Figure 2b) of the study area. In the northwest sector, there is a piedmont that corresponds to the foothills of the Western Cordillera toward the coastal plain. In the northcentral sector, the Quimsacocha Caldera is present. Due to the presence of this caldera, radial drainage can be observed in this sector. In addition, dendritic, rectangular, and parallel drainage systems are also present within the sector (Figure 2a). The Girón–Santa Isabel Basin drains toward the Pacific Ocean in the west via the Jubones River, which deeply incises the Cordillera Occidental.




2.2. Geological Setting


The Girón–Santa Isabel Basin is a Middle Miocene basin, and its fill overlies the Lower Oligocene volcanics with a distinct onlap. The basin accumulates coastal, alluvial, estuarine, lacustrine, and volcaniclastic sediments [39,40,41].



2.2.1. Middle Miocene Extension


The Girón–Santa Isabel Basin (Figure 3) is interpreted as a half-graben formed in the early Middle Miocene (around 15 Ma). The extensional setting was active until the early Late Miocene (10 Ma) [42], and it caused an intramountain basin formation. The Girón–Santa Isabel Basin is NE–SW directed. The normal faults, located near the town of Santa Isabel, have a NE–SW trend (parallel to the basin axis). On the normal faults, no strike-slip components are observed.



In the southern part of the Girón–Santa Isabel Basin, the basin forms an extension and a subsequent deformation. In the ”Quebrada Burrohuaycu”, which lies south of the town of Santa Isabel (Figure 4) along the northwestern basin margin, the Middle Miocene basin fill overlies the Lower Oligocene volcanics with a distinct onlap. The Middle Miocene sediments wedge toward the southeastern basin margin and, therefore, the basin fill has a dominant asymmetric geometry. The asymmetric basin geometry implies a master normal fault at the southeastern margin. This fault is not exposed because of the younger compressional deformation, which resulted in a considerable shortening perpendicular to the basin axis. The basin is much larger than the present geographic area suggests, and the current limits are controlled by younger tectonic structures [41]. This is evidenced by the presence of relic sediments outside of the main depression.




2.2.2. Late Miocene—Compression


A deformation event occurred around 9–8 Ma. The compressive deformation was characterized by large-scale (metric to regional scale) thrust faulting, reverse faults, and folding in the middle and lower Upper Miocene sediments and the underlying volcanic rocks. This compressional event caused the inversion of the Middle to early Late Miocene basins in the Andean domain and in the fore-arc region. Therefore, the extensional structures, which were formed during the Middle Miocene, were overprinted, and today, they are hard to reconstruct.



The youngest tectonic structures in the region are strike-slip faults with different trends and shear directions. In the area of Santa Isabel, the NW–SE striking faults are sinistral. A second group of NNW–SSE-trending faults possibly have a dextral displacement (Figure 2). These strike-slip faults cut the earlier Late Miocene compressional structures, and they are dated at 8 Ma [41].






3. Data and Methodology


The project methodology consisted of six parts: (i) data input and preparation; (ii) data preprocessing to obtain the base image; (iii) data processing for the automatic extraction of lineaments; (iv) postprocessing: statistical and photogeological analysis of the lineaments; (v) delimitation and verification; and (vi) the final product. Figure 5 illustrates the general flow diagram of the procedure executed in this study.



3.1. Data Input


The geological data were obtained from the Geological Map of the Western Cordillera of Ecuador between −3 °, −4° S Scale 1: 200,000 by [39]. In addition, the structural map of the area was taken from [41]. The DEM base model used was the DEM ALOS (Advanced Land Observing Satellite) PALSAR (Phased Array Type L-Band Synthetic Aperture Radar), with 12.5 m spatial resolution obtained from NASA’s Alaska Satellite Facilities open access platform. The DEMs ALPSRP248137120 and ALPSRP248137110 were acquired from the official website (https://search.asf.alaska.edu/#/ of NASA’s Alaska Satellite Facility (ASF), accessed on 16 august 2021) [43].



The digital terrain model (Figure 6) was analyzed using the Topographic Position Index (TPI) (Figure 6c) with a raster cell size of 7 × 7. The TPI is defined as a dimensionless value that groups the territory according to similar values. The TPI homogenizes the territory and generates a relief enhancement, which facilitates the recognition of morphostructural features. Results are obtained according to the cell size (pixel or distance) used in the neighborhood analysis performed by the TP. The larger the pixel size, the greater the generalization of the terrain and the lower the relief enhancement of the terrain. Wider ranges of values will generate a more general TPI, which does not enhance small geographic features [38]. The TPI model was obtained using the following equation:


   TPI    =    DEM   mean  –  DEM   min     DEM   max  –  DEM   min     



(1)




where DEM mean, DEM max, and DEM min represent the mean, maximum, and minimum values of the DEM. These rasters are generated with a chosen 7 × 7 matrix. This matrix has a pixel size equal to the original. Each of these raster images was obtained using the ArcGIS focal statistics tool.




3.2. Processing of Remote Sensing Data


Automatic lineament extraction was performed with the TPI model using the LINE module of the PCI Geomatics 2016 software (currently, the software is known as CATALYST Professional). This module is based on automatic detection algorithms. These algorithms are executed in three steps: edge detection, thresholding, and curve extraction. The LINE module extracts lineaments from an image and converts these linear features into vector form using six parameters [44,45,46]: RADI—radius of filter in pixels; GTHR—threshold for edge gradient in pixels; LTHR—threshold for curve length in pixels; FTHR—threshold for line-fitting error in pixels; ATHR—threshold for angular difference in degrees; and DTHR—threshold for linking distance in pixels.



The values assigned to each parameter are not fixed; they will vary according to the area and its topography, the resolution, and the type of image to be analyzed. By executing different sets of values in the six parameters, for our case study, the following was established (Table 1):




	
The RADI represents the smallest level of detail that will be detected in the input image. That is, with this parameter, we establish the minimum length at which linearities will be detected. The value assigned to this parameter depends significantly on the image resolution and the working scale. For our case study, the TPI resolution is 12.5 m, and the working scale is (1:50,000); for this scale, anything smaller than 500 m is not representative [47]. Therefore, 500 m will be considered the minimum detectable distance. This value in pixels corresponds to 40 pixels. Thus, the RADI parameter has a value of 40 pixels.



	
GTHR and LTHR influence the number and length of the lines. The GTHR parameter is responsible for edge detection by thresholding the image [46]. This threshold value represents the minimum value (in terms of color) at which changes between two levels or a grayscale with high contrast will be recognized. This value should be in the range of 0 to 255 (Figure 5). The GTHR value is kept at 100, which is the value suggested by the program.



	
The value assigned to the LTHR parameter represents the minimum length of the lines extracted by the LINE module. Since the scale of presentation is 1:100,000, anything less than 1000 m is not representative [47]. Therefore, this distance was used as the minimum length to be considered a lineament. Given our image resolution (12.5 m), 1000 m equals 80 pixels.



	
FTHR influences accuracy. If high values are assigned to this parameter, longer lines are generated but with a poorer fit. A better fit is obtained with lower values, even though shorter line segments will be obtained. According to [48], values between 3–5 are considered adequate for remote sensing data.



	
ATHR is the parameter that influences the joining of lineaments. It represents the maximum angle (in degrees) between segments or vectors to be joined. If the angle between two polyline segments does not exceed the given maximum value, the polyline is joined, resulting in longer lines. On the contrary, if they form an angle greater than the specified maximum, the polyline separates and generates shorter vectors. Hence, a value of 35° is used for this parameter.



	
The DTHR parameter sets the separation between the lines. If two segments of a line are close to each other and the separation between them does not exceed the maximum indicated, the segments are linked and form a longer line. For our process, the value of 40 pixels was assigned since it represents the minimum length detected during the analysis.



	
The resulting polylines are saved as a vector segment, and the software supports saving them in shapefile format.








The high density of automatically extracted lineaments occurs because the PCI line module recognizes features found in areas within major ridge structures (ridge margins) and valleys throughout the study area [49].




3.3. Postprocessing


3.3.1. Filter of Lineaments


The vector results obtained during the automatic extraction phase will have been previously analyzed in terms of length and orientation to filter them and define those representative lineaments. Figure 7a shows the automatically extracted lineaments.



Considering the spatial resolution of the base model (12.5 m), the minimum length that can be automatically extracted in this process is 375 m [50,51]. However, due to the scale of work, 500 m was considered the minimum detectable distance, which corresponds to the minimum mappable unit [52]. Given the presentation scale of 1:100,000, during the automatic extraction, linear features longer than 1000 m were considered lineaments.



However, due to the extension of the study area (61.75 km × 37.30 km) and its morphology, 1000 m lines are not representative and constitute noise. Therefore, the Optimum Legible Delineation (OLD) was considered for the analysis of the lineaments. The OLD represents the optimal delineation size for a surface to be legible on a map; according to [53], the optimal length should be four times the minimum mappable unit. In our case, the OLD = 4 × 500 m = 2000 m.



Based on the above, in this study, we considered lineaments of interest, those with lengths greater than 2000 m (Figure 7b), to determine possible fault lines. For this purpose, lineaments with lengths less than 2000 meters were filtered. By filtering, we were able to better observe how the lineaments delimit the relief features in the TPI (Figure 7b). In addition, we noticed that the western and southern parts of the images exhibit longer lineaments than the northern and eastern parts.




3.3.2. Lineament Analysis


Quantitative and qualitative processes were carried out for the analysis of the lineaments. The first corresponds to a statistical analysis where the number, length, and density were analyzed based on calculations and processes carried out with ArcGIS software, version 10.8.2



	
Line density analysis: Its purpose is to analyze the frequency of lines per unit area (number of lines/km2) [54]. It is obtained by summing the length of available lineaments in a defined grid size (search radius). The lineament density is created with the Kernel density tool [55] of the spatial analyst tool in ArcGIS 10.8.2, with a search radius of 1.5 km according to [48].



	
Lineament orientation: To know the direction of the lineaments in the study area, rose diagrams were generated [56] for the automatically generated lineaments and the lineaments of interest and, finally, to know the predominant orientation of the geological lineaments. These were elaborated in the Rockworks software, version 2016.






The qualitative analysis corresponds to the verification and interpretation of the lineaments of interest through satellite images and Google Earth. We analyzed how the lineaments relate to the morphostructural characteristics and the drainage network of the area. That is, we observed changes in the shape of the relief, very linear behavior, alignments of mountain tops, alignments of mountain ranges [57], terrain breaks, very deep and linear ravines (Figure 8a), abrupt changes in drainage patterns, and channel morphology (Figure 8b) [58,59].





3.4. Delimitation of Geological Lineaments


After obtaining the lineament density, the density map and the lineaments of interest were used as inputs to delimit the main geological lineaments in the study area. According to [33], lineament density provides valuable information on the intensity of tectonic deformation [33], fracture and rock shearing [55], and rock permeability [56]. Based on these, the first geological lineaments were drawn using the lineaments of interest as a guide that coincided with the zones of highest lineament density. Then, the previously obtained geological lineaments were analyzed in Google Earth and complemented with the qualitative analysis. After visualizing the lineaments of interest and the previously delimited geologic ones, new geologic lineaments were drawn based on the criteria explained in Section 3.3.2. The results of these analyses are presented in the following section.




3.5. Validation


The results of the geologic lineaments were validated by comparing them to the geologic mapping of the study area. They were compared with the geological maps of [39], the geological sheet of Cuenca (2017), and the structural map published by [41]. Finally, a fault diagram of the study area was made.





4. Results


4.1. Comparison


The lineaments extracted automatically from the TPI were compared with the lineaments obtained from other satellite images (Figure 7), in this case: DEM, a Landsat 8 image, hillshade of 45°, 315°, and multidirectional. The lineaments were extracted from these images using the same parameter values of the LINE module.



Of the automatic lineaments extracted from the five images, those obtained from the DEM (Figure 9c) have the shortest length and the greatest separation. From the hillshade results, we observed how the azimuth influences the orientation of the lineaments. For the 45° model, the detected lineaments present a predominant orientation in the NW–SE direction (Figure 9d), while the lineaments of the 315° hillshade present in the NE–SW direction (Figure 9e). This means that the predominant orientation of the lineaments varies with the azimuthal angles. Therefore, when using the shaded relief model as a basis for lineament detection, at least eight azimuth directions must be analyzed for good and reliable results.



It can also be observed that lineaments smaller than the average length (Table 2) represent 64% of the 45° hillshade and 66% of the total lineaments in the 315° hillshade. From the Landsat 8 image (Figure 9f), the lineaments were better adapted to the terrain characteristics, although these have little continuity; therefore, the length of these lines is shorter. The multidirectional hillshade in the Girón–Santa Isabel Basin zone reduces the slope change in the sectors near Jubones and Santa Isabel (Figure 9g). The areas with slopes comprise angles between 0–10°, and for slopes greater than 45°, valley areas lose details. This behavior is reflected in the median values of the lineament continuities (Figure 9h), obtained based on the multidirectional hillshade model (Table 2). An important consideration when using optical satellite imagery (e.g., Landsat or Sentinel) is to differentiate those lineaments that may result from human activity (roads, plantations, canals, etc.). Based on the automatic extraction of lineaments from the TPI (since this model homogenizes the territory and enhances the linear characteristics of the area), the lineaments present a better adaptation to the characteristics of the surface. This is not influenced by biases in altitude, illumination, or linearities resulting from human activity.



This comparison shows that, by using the TPI as the base image for the automatic detection of lineaments, the results and optimization of the process are simpler and faster to obtain.



It should be noted that, when using the PCI Geomatics LINE Module, the result obtained depends on the values assigned to the six parameters of this module. In turn, these parameters depend on the characteristics of the area, the objective of the study, and the resolution of the image used.




4.2. Postprocessing


The total number of lineaments obtained by the automated extraction process was 1055 (Figure 7a). Of these, 70.6% are shorter than 2000 m (Table 3). This first result shows that the maximum length of the linear structures was 14.23 km. As established in Section 3.3.1, the lineaments of interest for obtaining the geological lineaments were those longer than 2 km, representing 29.4% of the total (Table 3 and Figure 10).



Once the length of the lineaments used as a guide was established, the results were filtered, and lineaments shorter than 2 km were removed (Figure 7b), obtaining 310 lineaments with a median length of 2817 m and a mean of 3257 m.




4.3. Lineament Density Map


After analyzing the basic statistics, the lineament density map was made with the lineaments of interest. Figure 11 shows the densest area, with a total length of more than 8 km to 17.7 km (dark blue color) in the northern and southcentral sectors of the study area. The density map was overlaid with lineaments, and their length in each grid was estimated (Figure 11a) to understand the spatial variation of lineament density in the study area. According to [60], the range of lineament density values obtained in the area of interest can be classified into five different categories: very low (<2 km/km2), low (2 to 4 km/km2), moderate (4 to 6 km/km2), high (6 to 8 km/km2), and very high (>8 km/km2) lineament densities (Figure 11a). The very low-density category represents the largest area, covering 64.16% of the study area (Table 4). The low and moderate density categories cover 21.67% and 8.66% of the area. The categories that cover a relatively smaller area extension are the high and very high-density categories of lineaments, which cover 2.97% and 2.54%.



In the eastern flank zone of the Quimsacocha Caldera [39], a high-to-very-high density can be observed. The western sector of the study area presents zones in which the lineament density ranges from moderate to high. In the southeast and center of the area, a moderate-to-very-low density of lineaments can be observed. The sectors with the highest densities are: Soldados, Girón, Jubones, Chorrohuaycu, and Samara Grande (Figure 11a). The lineaments in areas of higher line density show a pattern that can be associated with fault zones. Therefore, these may be affected by greater structural deformation. According to our results, the zones of higher density coincide with the main faults and fault system of the area (the Girón Fault System) (Figure 3) [39,41]. Using the zones of high-density lineaments and the lineaments of interest as a guide, 47 lineaments were initially delimited, which will be referred to as geological lineaments (Figure 11b).




4.4. Orientation of the Lineaments


The automatically extracted lineaments were plotted using a rose diagram to understand their preferential orientations. The results were compared with the bibliographic information of the main orientation in the zone. The rose diagram was used for the total automatically extracted lineaments (Figure 12a) and those greater than 2000m (Figure 12b). The rose diagrams built for the different lineament length classes (Figure 12) show that, while very long lineaments are oriented predominantly in NE–SW directions, the shorter ones are oriented predominantly in NE–SW and NW–SE directions (Figure 12a). In both cases, it was observed that the predominant orientation of the automatic lineaments is NE–SW.




4.5. Geological Lineaments


Based on the second part of the analysis and interpretation, 29 new lineaments were obtained, resulting in 76 geological lineaments in the study area. The new lineaments were obtained from the analysis of the density map. Qualitative analysis corresponds to the verification and interpretation of the lineaments of interest through satellite images and Google Earth. After that, our result was compared with the geological and structural maps of the area [39,41] to correctly define the geological lineaments as tectonic structures (faults, fractures, anticlines, or synclines). The linearities obtained in this study are very similar to the reference data, and new geological lineaments were identified. However, it is also the case that, due to the limitations of being a purely digital analysis, there are features that are not possible to delimit and appear in the reference maps.



Finally, after the interpretation, comparison (Figure 11), and validation, 76 geological lineaments were recognized: 10 faults, 2 anticlines, 1 syncline, 61 inferred faults, and 2 leftover lineaments (Figure 13b). The results show that the maximum length of the linear structures (faults) is 33 km, and the average length is 6.8 km. In addition, they exhibit a preferential NE–SW orientation and an important family of NW–SE orientations (Figure 13c).





5. Discussion


An automatic method of lineament extraction, presenting all possible linear features without discriminating manmade features, was successfully used in the mountainous area. The results showed an increase in the total number and length of lineaments.



By comparing the number, length, and predominant orientations of the lineaments extracted from the different remote sensing images, it was observed that lineament extraction should be performed considering different azimuthal angles or using an image that includes information on the linear features in different angles since, if an image with a preferential orientation is considered from the beginning, the result will be inadequate and overestimated. Therefore, TPI presents characteristics that facilitate the process of extracting linear features more accurately and reliably.



The analysis of automatic lineaments revealed that, in the study area, the short and very short lineaments represent a greater proportion, about 71% of the total lineaments; these being less than the Optimum Legible Delineation (OLD), they were not representative and, therefore, not used in the analyses. With the lineaments of interest, the zones with a high density of lineaments were analyzed since these may reflect zones with a high degree of fracturing/rock-cutting and greater deformation intensity [56]. These areas of high lineament density may be vulnerable to slope failure or landslides. This result is consistent with the conditions in the study area, considering that different sectors of Jubones, Santa Isabel, Girón, Chaucha, and Soldados are affected annually by landslides, especially along the roads. Some roads have been built along fault axes in the study area, for example, the Girón–Santa Isabel–Jubones Road. The Ecuadorian Construction Standard (NEC-2014), in its NEC-SE-DS: Seismic Hazard chapter, places the Girón–Santa Isabel Road in seismic zone II, corresponding to a “high” seismic zone due to the presence of active faults.



The faults obtained (Figure 13b) with our methodology coincide with the main faults established in the available literature on the area [46,48]. In addition, new faults were identified, which were defined as inferred faults since they must be verified in the field. The structural data obtained from [48] and the geologic map of [46] (Figure 3) indicate that the preferential direction of the main regional structures of the Girón–Santa Isabel Basin is NE–SW, which is consistent with the results of the orientations in this study, with the Girón Fault System being the most representative.




6. Conclusions


The automated extraction of the linear features of an area will depend on the resolution and the satellite image used. DEM, DTM, and, in this case, TPI represent important tools for mapping morphostructural lineaments in difficult-to-access areas, tropical areas, and areas of high cloud cover, where the application of optical images can be difficult, as well as overcoming limited parameters established in the software used or the algorithm of the method employed. To obtain more reliable results, an operator must analyze and interpret the automated data obtained. In this way, the analysis of lineaments, as well as zones of high- and very-high-density lineaments, together with other morphostructural evidence, could be used as indicators of structural deformation in the study area.



In the methodology developed, 76 geological lineaments were obtained, and 71 faults (10 faults and 61 inferred faults) were defined from them. In general, they had an orientation and magnitude in accordance with the structures of the existing geological maps.



The present study provides a new database of lineaments for the Girón–Santa Isabel basin area that could be useful for developing management and development plans. The methodology developed in this study can be an efficient means to extract and analyze geological lineaments in large, difficult-to-access regions or those with few outcrops. This allows us to optimize time and reduce costs when collecting structural information on the study area in the first stage of geological, civil, and mining prospecting or the educational field. Furthermore, it offers a method that combines the automatic extraction of lineaments with the analysis of geospatial data (length, density, orientation, and trend) for the determination of fracture zones or faults.
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Figure 1. The studied area is located in Ecuador (a), in the area of Azuay (b) in the Santa Isabel–Giron basin (c). 
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Figure 2. (a) Drainage system and (b) slope model of the study area. 
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Figure 3. Geological map of the Girón–Santa Isabel Basin modified by [39,41]. 
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Figure 4. Cross-section of the Girón–Santa Isabel basin along the Quebrada Burrohuaycu, showing normal faulting. Modified by [41]. 
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Figure 5. Methodology employed in this study. 
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Figure 6. DEM and its derived models. (a) DEM ALOS PALSAR with a spatial resolution of 12.5 m; (b) hillshade model with an azimuth of 135°; and (c) TPI model. 
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Figure 7. (a) Lineaments obtained with automated extraction. (b) Lineaments after filtering were considered lineaments of interest. Red lines are the automatic lineaments, and yellow lines are the lineaments of interest. 
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Figure 8. Analysis of the study area using Google Earth. (a) Identification of streams with defined morphostructural features. (b) Recognition of changes in the direction of rivers. 
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Figure 9. Comparison of the results of automatic extraction from different base images. Image (a) shows the study area, and (g) shows the multidirectional hillshade of the area. The others show the automatic lineaments obtained from (b) TPI, (c) DEM, (d) hillshade with an azimuth of 45°, (e) hillshade with an azimuth of 315°, (f) panchromatic from a Landsat 8, and (h) multidirectional hillshade. Red lines are the automatic lineaments. 
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Figure 10. Lineament length histogram. 
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Figure 11. (a) Lineament density map of the automatically extracted lineaments. (b) The first delimitation of the geological lineaments. 
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Figure 12. (a) Rose diagram showing the main trends obtained for the total automatic extraction lineaments; (b) rose diagram of automatically extracted lineaments greater than 2000 m. 
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Figure 13. (a) Geological map of the area. (b) Structures obtained from the study area. (c) Rose diagram of inferred faults in the studied area. The legend of the geological map is shown in Figure 3. 
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Table 1. Parameters values of LINE Module.
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	Parameters
	Default Values
	Suggested Values





	RADI
	10
	40



	GTHR
	100
	* 100



	LTHR
	30
	80



	FTHR
	3
	3



	ATHR
	30
	35



	DTHR
	20
	40







* Default values.
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Table 2. Basic statistics of the automatically extracted lineaments from the remotely sensed image.
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	TPI
	DEM
	Hillshade 45°
	Hillshade 315°
	Multidirectional

Hillshade
	Landsat 8—Panchromatic





	No. of lineaments
	1055
	271
	1261
	1297
	1213
	653



	Max. length (km)
	14.23
	6.53
	8.35
	11.78
	9.99
	10.23



	Min. length (km)
	1.00
	1.00
	1.00
	1.00
	1.00
	1.20



	Median length (km)
	1.56
	1.63
	1.63
	1.57
	1.52
	1.75



	Mean length (km)
	1.94
	2.01
	1.95
	1.92
	1.77
	2.04
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Table 3. Lineament length class of automatically extracted lineaments.






Table 3. Lineament length class of automatically extracted lineaments.





	
Lineament Length Class

	
Range

	
Number of Lineaments




	
(In nos.)

	
(in %)






	
Very short

	
<1500 m

	
496

	
47.01




	
Short

	
1500–2000 m

	
249

	
23.60




	
Medium

	
2000–3000 m

	
185

	
17.54




	
Long

	
3000–4000 m

	
65

	
6.16




	
Very long

	
>4000 m

	
60

	
5.69




	
Total

	

	
1055

	
100.00








The authors selected the classes under consideration based on [60].
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Table 4. Area of lineament density classes.
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Density Class

	
Density Range

(km/km2)

	
Area




	
(in km2)

	
(in %)






	
Very low

	
<2

	
1479.65

	
64.16




	
Low

	
2–4

	
499.91

	
21.67




	
Moderate

	
4–6

	
199.74

	
8.66




	
High

	
6–8

	
68.45

	
2.97




	
Very high

	
>8

	
58.60

	
2.54




	
Total

	

	
2306.36

	
100.00








The authors selected the classes under consideration based on [60].



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
9,675,000
|

9,650,000

9,625,000

680,000

700,000

e

(—J
(=4
e"\
w;
e
o | Legend
El Town
§ AN/ River

: Quimﬁaco&ha, at
‘caldera |=— .
L __ 1 Quimsacocha Caldera

Slope [°]

Bl <o
B 0-15
B 15-25
[ ] 25-30
B 30-45
Bl -

0 5 10 20

I km

9,650,000

9,625,000

680,000 @ 700,000 680,000 b) 700,000





media/file18.png
700,000
700,000

Landsat 8 - Panchromatic

— —
o N
e ~ 000'S£9'6 000'0<9'6 000'29'6
- - < S NS e
-4 R v N A=
m. m. AM) AN N Y
=3 2 o LA
3 | 2 g 20 KW
=3
S Z =
2 e
\vavmw.,u.u_.m,
P 2 SR YIRS
‘B g g Rolmr s N\ N
> 4 - Lo AN . \./ d
=4 8 § o)
N R v I = L

(e)

Multidirectional hillshade

'SL9°6

680,000
680,000

(b)
Hillshade - Azimuth 315°

(g

Hillshade - Azimuth 45°






media/file21.jpg
Legend

Quimsacocha Cadera

Gesogial Linesments
Linesments

Hineaments engh per ki
[ <200
[ 20040
. -6
. c0-em
. o072






media/file26.png
680,00

STV §

2| 2 g Wk 2
- S S| S
E E B B
ey o 8 &
=N & o o
180
(c)
Legend
(N
i Caldera
= e o o Rivers
= =] = = ;
S = g. ! g. — - —-- Lineament
< o= -
o | )
8 e < N | e Inferred Fault
. * m G\
o o —— Fault
—4—— Anticline
»¥—%—* Syncline
— e— kM
0 25 5 10
WGS 1984 UTM Zone 17S
= o Units: Meter
S 8 & =
S = < =]
L L5 DS Tl
& g 8 <
= o o '8 x - . =)
680.000 700,000 680,000 700,000





media/file3.jpg





media/file22.png
680,000 700,000 680,000 700,000
] 1 | 1
| A W By

o Chaucha . .

o = =

=3 - -

g g g A

© o o Legend
o o o

L
4 ] Quimsacocha Caldera

— — = Geological Lineaments

Lineaments

Lineaments Length per Km2

g g 8 g

S S S s

g?“— _E— §-‘_ _§n E <2.00

o | o o ® | ] 200-4.00
I 4.00-6.00
B 6.00-8.00

3 g s [ 800-17.72

S e b

2 -2 -8 () 5 10 20

GBDI,OOO 700:000 BBOI,DOO TOOI,UUL‘I

(a)





media/file19.jpg
Number of lineaments

- EEEE 88

<1s00m

Lineament length

1500-2000m 2000 3000m 3000 4000m

Class

>4000m






media/file7.jpg





media/file10.png
Data collection Lineament extraction

Data Input
TPI

Automatic Lineament Extraction
(LINE Module of PCI Geomatica)

Data Input
‘ DEM (12.5 m) ‘

!

Generate raster :
Mean, maximum and minimum

l Post Procesing

Filter of lineaments
(ArcGIS)

| Lineaments Analysis |
1

(ArcGIS - 'ocal statistic tool) Length |
1 . i
" Density Interpretation of the automatic
Creation of TPI % | (Kernel Density - ArcGIS) ‘ lineaments in Google FEarth,
(ArcGIS - Raster Calculator) 3 I according to photogeological
= Orientation of automatic and morphostructural criteria.
l ,é lincaments
b (Rose Diagram - Rockwork)
TPI I

|
|

|

|

|

|

|

|

|

' l
| |
|

|

|

|

|

|

|

|

|

Data Output

Delimitation and validation

of lineaments

IStructural Lineamentsl

|
I
I
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
: (ArcGIS)
. |
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
: Data Output
|





media/file14.png
s

000°SL9°6 000°059°6

000°S29°6 000°059°6

000°059°6






media/file11.jpg





media/file6.png
Legend

=
=
=
S
KL
3
o

9,680,000

B Town

Structural Symbols

—M__ pormal fault —— anticline
----- fault e syncline
i & -3 e e _ _
thrust fault e basin boundaries
—=—  strike - slip fault
[—] .
2 Litology
= "
Z ’ ’ Metamorphic
=3 t Quaternary P
- Tarqui Formation itk Racks
- Quimsacocha Formation - .
Granodiorites
- My, Turupamba Formation A
@ P - Diorites
o M Turi Formati
3 T uri Formation - Tonalites
s < - Santa Isabel Formation - Riolites
= LS MR Ayancay Group
g 3 R
= Sy . Mg LaPaz Formation
w Mg Jubones Formation
= et
g .9, Plancharumi Formation
&b
8 Ogs Soldados Formation
E-Mg Saraguro Grou
Eocene & P
Paleocene| _PcEs,  Sacapalca Unit

9,620,000

/ = Toue - : I Km
680,000 700,000 0 S 10 20






media/file15.jpg





nav.xhtml


  remotesensing-14-05400


  
    		
      remotesensing-14-05400
    


  




  





media/file16.png
seTtaEy -

Rumiurco

e

Structurals lineaments

Lincaments

g i

‘hange of river
direction
ey e

Structurals lineaments

Lineaments






media/file2.png
(a)

9650000

700000

9680000

b

Legend

o~~~ Rivers

L Town
Structural Symbols

thrust fault

—B imal fault

» ——— strike - slip fault

—4—— anticline

¥X—xX—X syncline

Basin boundaries





media/file20.png
Number of lineaments

600

500

400

300

200

100

Lineament length

<1500 m

1500-2000m  2000-3000m 3000-4000m

Class

> 4000 m






media/file23.jpg
3

ats

25

180

@

15

%

20+

a1

a25:

w0
(b)

45

15





media/file5.jpg





media/file24.png





media/file1.jpg





media/file25.jpg
J——






media/file12.png
680,000 700,000

]
Chaucha A

= (=]
g Soldados g
& F
(=2 (=2}
Legend
S € Elevation [m ]
2 g
-} -, .
. @~ High:4273
= =
= =
S S
o o
© 5
o >
Low : 833

680,000 700.000

(a)

=
=
=
=]
Ty]
e
o

9.625,000

680,000

700,000

9.675.000

9,650,000

9,625,000

9,675,000

=
S
=4
[==T51
L
=
*

9,675,000

9,650.000

9,625,000





media/file9.jpg
Dot

[m]
N 1
Ao e e o
e oty

Ovatons e
DEM (125m) st neamens |
T =y
ot )
M, i and i
B e = ]
1 s
. = [——
i o Fovmyfe e
e R o) H : e
3| O oo el
T =ss

(R Digram- ockwort)

ot aments






media/file0.png





media/file8.png
SSE Burrohuaycu region

onlapping, along the western NNW

green market basin margin

sandstone

green market

Normal fault during sandstone downlapping

the Middle Miocene

wedging

1 Fluvial Sediments
—— (Burrohuycu Fm.)

/7
5
Miocene

Andesitic lavaflows and volcanic
____ breccias (Santa Isabel Fm.})

Early | Middle

\\\ 100m 500m ,4/

\ vertical and horizontal sclae






media/file17.jpg





