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Abstract

:

A principal and independent component analysis (PCA and ICA) and a minimum noise fraction analysis (MNFA) were applied in this study to Landsat 8 Operational Land Imager (OLI) images along the Adıyaman fault zone in Eastern Turkey. These analyses indicated that the lithologic units, fault patterns, and the morphological and structural features can be mapped highly accurately by using spectral-matching techniques in regions where rocks are well exposed. An inspection of all possible band combinations indicated that the PCA 134 and 231 and the ICA 132 band combinations give the best false color composite images for identifying the lithological units and contacts. The findings of the MNFA band combinations show that the MNFA 521 band combination also is robust for discriminating the lithological units, particularly Quaternary clastic units (colluvium/alluvium). MNFA band 1 alone provides the best image for tracing the tectonic and structural elements in the study area. The new up-to-date lithologic map of the Adıyaman fault zone we produced upon the interpretation of the processed OLI images reveals several river channels that are offset and beheaded by the Adıyaman fault, which verifies its Quaternary activity. This study demonstrated that, when used with the OLI data, the PCA, ICA, and MNFA are very powerful for lithological and structural mapping in actively deforming tectonic zones and hence can be applied to other regions elsewhere in the world where the climate is arid to semiarid, and the vegetation cover is scarce.
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1. Introduction


The Adıyaman fault zone region in the southeast Anatolia still has no sufficient geological and tectonic studies, and thus further investigation and more discussion is required. In particular, the time, the seismic activities, updated geological mapping, and slip rate shearing are the most important areas to explore [1]. The study area is surrounded by the East Anatolian Fault (EAF), the Bitlis suture, and the Dead Sea Fault, where it covers 2611 km² and is bounded between latitudes 37°35′20″ N and 37°56′38″ N and longitudes 37°58′16″ E and 38°44′54″ E. (Figure 1). The recent seismic record associated with the Adıyaman fault is characterized by a low to moderate frequency of earthquakes. The Mw 5.5 Adıyaman Samsat earthquake was the greatest recorded along the fault, and it started at 14:07 (local time) on 2 March 2017 [1]. Processing of multispectral digital images using remote sensing technique has greatly advanced in the differentiation of lithological units and deposits, tectonic elements, and other geological and topographical features (e.g., [2,3,4,5,6,7,8,9,10,11,12]). Satellite data such as the Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM+), ASTER, Landsat 8 (OLI), and Sentinel imagery provide information and clues that are very valuable in lithological and structural mapping. In the Eastern Desert of Egypt, lithological maps were initiated using Landsat Thematic Mapper (TM) data [13]. Landsat Enhanced Thematic Mapper (ETM+) data have been applied for the lithological and structural mapping of Central Côte d’Ivoire, Western Africa [14]. The authors in Ref. [15] performed remote sensing techniques to compare between Landsats ETM+ and OLI in mapping geological units and visualizing lineaments. ASTER data were analyzed by [15] to define the lithological units in the mountain pass region in California.



Based on the results obtained by satellite data processing, every multispectral band carries unique energy that extracts information from the Earth’s surface, and thus image interpretations are based on textures, color, and spectral signatures to detect and trace the different elements and contacts that form deposits and rocks [5]. Satellite images processing and enhancement provide detailed clear images from the highly correlated bands that comprise most of the lithological information [16]. Mapping of tectonic structures and lineaments and their precise trends are very important tasks that allow us to visualize the architecture of the underlying rock basement [17]. The authors in Ref. [18] explained that tectonic lineaments extraction processing may be done by either automatic extraction or manual visualization using some open source and commercial software.



The present contribution is an integrated work that utilizes remote sensing and geographic information system techniques in order to investigate the Adıyaman fault zone region. In this work, we explore combinations of bands obtained through the principal and independent component analysis (PCA and ICA) and maximum noise fraction analysis (MNFA) of the OLI data for lithological and tectonic mapping. Based on the analysis of the results, we report optimal band combinations for this purpose and subsequently update the geological and tectonic map of the Adıyaman fault zone, thereby providing a more detailed map of lithological units and tectonic features.




2. Geologic Setting


The Southeastern Anatolia area represents a forearc basin where the Neotethys lithosphere was consumed by subduction until the beginning of Late Cretaceous–Miocene [19]. It was affected by the primary deformation of the Arabia–Anatolia plates with the continental–continental collision zone [19]. The study area is located along with the left-lateral strike–slip Adıyaman fault that extends ≈75 km, trending 65°NE south of the East Anatolian fault zone (EAFZ) in Eastern Turkey (Figure 1). The Adıyaman fault represents one of many faults that are mainly parallel to the main trend of the EAFZ [1]. The seismic activities that were recorded along the Adıyaman fault is characterized by moderate magnitude earthquakes [1]. The authors in Ref. [20] suggested that the Adıyaman fault could have been formed at the same time as the East Anatolian Fault, which is in Late Miocene–Early Pliocene.
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Figure 1. Shaded relief image (data from SRTM-30 [21]) of Eastern Turkey, showing the African, Arabian, Anatolian, and Eurasian lithospheric plates and major active faults (in thick black lines). The Adıyaman fault is shown by a thick red line. Abbreviations: MTJ, Maraş triple junction; KTJ, Karlıova triple junction; EF, Ecemiş fault; SF, Savrun fault; OF, Ovacık fault. Thick black arrows indicate the plates’ movement. The box with white dashed lines shows the location of the study area and Figure 2, respectively. 
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The study area mainly consists of autochthonous sedimentary rocks. Generally, major type rocks are represented by Plio-Quaternary undifferentiated clastic and carbonate rocks, Middle–Upper Miocene clastic rocks, and Upper Cretaceous ophiolitic mélange rocks [1]. In the southern part of the Adıyaman fault, two-thirds of the area are represented by Middle–Upper Miocene continental clastic rocks, and Plio-Quaternary undifferentiated materials. They cover around one-third of the area of the northern part of the Adıyaman fault (Figure 2). The Middle Triassic–Cretaceous volcanic and sedimentary rocks are dominant in the northern part of the Adıyaman fault, which cover at least one-third of that part. The only allochthon unit in the study area is represented by an elongated body of Upper Cretaceous ophiolitic mélange (Figure 2). The Eocene neritic limestone is located in the northern part of the study area, shaped with an elongated body that is parallel to the fault trace. Eocene neritic limestone is located also in the northeastern, northwestern, southeastern, southwestern, and central parts of the study area (Figure 2). In the middle of the study area, the Eocene limestone shows tectonic contact; it is surrounded by tectonic structures, which seem to suggest transtensional activity of the Adıyaman fault in that zone. The lower Eocene continental clastic rocks in association with clastic and carbonate rocks of Upper Cretaceous–Paleocene and Upper Cretaceous, respectively, are represented by elongated thin bodies in the northern part of the fault, whereas the clastic and carbonate rocks are located in other parts of the study area (Figure 2). Cretaceous pelagic limestone is recorded on the western side of the fault zone (Figure 2). The rest of the lithologic units are distributed in small parts all over the study area (Figure 2). Most of these lithologic units can be detected in standard color infrared images (Figure 2) and in decorrelation stretch image products because of their color and textural characteristics. Maximum lithological information is extracted from OLI data when spectral analysis and image interpretative analysis are used together.




3. Data


In this study, remote sensing data were acquired by the Landsat 8 (OLI) satellite, which detects and records the reflected and emitted electromagnetic radiation (EMR) images of the Earth during a 16-day repeat round on the Worldwide Reference System-2 system. Landsat 8 (OLI) has two sensors on board: the Operational Land Imager (OLI) and thermal infrared sensors (TIRS). These two sensors provide seasonal coverage of the global landmass of visible, NIR, SWIR, thermal, and panchromatic at a spatial resolution of 30 m (visible, NIR, SWIR), 15 m (panchromatic), and 100 m (thermal). The multispectral and panchromatic wavelength regions offer complementary data for lithological mapping.



In this work, the cloud-free Landsat 8 scene (path 173/row 34) recorded on 10 September 2016 was processed. A metadata file is required for the preprocessing operation, which was applied in order to obtain spatially and radiometrically corrected images to be well prepared for analyzing spectral data. It is significant to note that the raw data have some residual errors that affect the accuracy of the resulted geological information [23,24].




4. Methodology


The present work relies on applying remote sensing techniques in updating lithological and tectonic mapping. Preprocessed and processed operations were applied to the selected used remote sensing data (Landsat 8, OLI) such as pre-georeferenced, atmospheric correction, principal component analysis (PCA), and independent component analysis (ICA). The data were processed and analyzed in addition to creating different maps depending on different software packages, including ERDAS Imagine 9.2, ENVI 5, ArcGIS (10.4), and Adobe illustrator (CC 2017).



4.1. Image Preprocessing


Crosstalk and atmospheric effects are high in radiance with bands 5 and 9 because of the energy transmission from the optical band 4 to the bands 5 and 9 detectors. The Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) atmospheric correction model was used to examine the surface reflectance in order to minimize the atmospheric attenuations and to obtain reflectance imagery [23,24]. Although the FLAASH processing step is a standard technique for compensating error, the raw data have some residual errors that affect the accuracy of the resulted geological information [24]. The atmospheric correction was operated by ENVI 5 through the following algorithms:


(B1 le 0) × 0 + (B1 ge 10000) × 1 + (B1 gt 0 and B1 lt 10000) × float (B1)/10000










(B1 le 0) × 0 + (B1 ge 1) × 1 + (B1 gt 0 and B1 lt 1) × float (B1)/1











The raw Landsat 8 scene is followed by a subsetting operation in order to focus on the concerned area.




4.2. Image Processing and Enhancement


Satellite image processing and enhancement steps were performed by running different algorithms and techniques, such as a principal component analysis, independent component analysis (ICA), and minimum noise fraction analysis (MNFA).



4.2.1. Principal and Independent Component Analysis


PCA and ICA are techniques that are applied to multispectral and hyperspectral remotely sensed datasets. These two are statistical transformations that extract information from second-order statistics and to high-order statistics, respectively. PCA and ICA methods are very helpful for detecting and defining a smaller number of uncorrelated variables from a large set of data [25]. These are applied to give uncorrelated output different bands and to detect noise components, and this is performed by defining new dataset orthogonal axes.



We used the principal and independent component analysis (PCA and ICA) techniques to produce enhanced contrast images in a false color composite (FCC). These data have their origin at the data mean and are rotated; thus, data distinction can be maximized [26]. The result images of the principal component analysis (PCA) bands of the same number could be applied as the input spectral numbers [26].



As expected, according to the PCA bands’ data variance that we obtained, PCA band 1 has the largest data variance, and the amount of data variance decreases gradually with the PCA bands until the last PCA bands (PCA bands 6 and 7), which appear noisy because they cover very little data variance, much of which is due to the noise in the original data. Depending on the ICA band data, the first ICA band covers the largest amount of geological information, while the last ICA bands show noisy images because they carry very small data variance.




4.2.2. Minimum Noise Fraction Analysis (MNFA)


The second effective method that we applied along the study fault zone is the minimum noise fraction analysis (MNFA), which is a method for hyperspectral imagery denoising through a linear transformation action with two different steps. First, we applied a noise covariance matrix to decorrelate and rescale the noise in the processing data [27,28,29,30,31,32]. In this method, the noise has unit variance and no band-to-band correlations; In the second step, we applied a standard PCA transform to the raw data noise [33]. The MNFA method is a variation of the principal component analysis (PCA) steps, formed with minimum spatially incoherent noise to higher bands that could be excluded from the next step of the processing analysis [28,33]. In addition to applying the MNFA processing method, the information that is characterized by the dimensionality of remote sensing data could be analyzed by MNFA processing as well [34]. The largest data variance percentage exists in the first MNFA band, and the second MNFA band has the next largest data variance, and so on.






5. Results and Discussion


5.1. Landsat 8 Principal and Independent Component Analysis


Interpretation of the transformed data through techniques such as PCA and ICA provides detailed band information, while separating the data along a new component can be analyzed by visualizing the new FCC components [35]. From the result of the PCA 7-band analysis, we detected two sets of PCA band combinations, i.e., bands 134 and 231, for the best discrimination between pre-Miocene and post-Miocene rocks. The geologic interpretation of OLI PCA bands indicates that the different lithologic units and the boundaries between them can be better separated and defined. PCA band combinations show obvious contacts between the different lithologic units.



In the PCA RGB-134 image (Figure 3a,b), the Eocene neritic limestone is well detected from the adjacent rocks in light green, while undifferentiated Quaternary units are in yellowish-green, volcanic and sedimentary rocks are in pale violet, and ophiolitic mélange is in violet. In the PCA RGB-231 image (Figure 4a,b), the Eocene neritic limestone is in blue, while undifferentiated Quaternary units are clearly in light green, volcanic and sedimentary rocks are in greenish-blue, and ophiolitic mélange is in dark pink. From the processing ICA 7-bands, we conclude that the RGB-231 band combination provides the best image for differentiating the Miocene lithological units.



In the ICA RGB-132 image (Figure 5a,b), the neritic limestone of Eocene age is shown in greenish-red, while undifferentiated Quaternary units are well outlined in yellow, volcanic and sedimentary rocks are in light green, and ophiolitic mélange is in dark green.




5.2. Landsat 8 Minimum Noise Fraction Analysis


Our analysis of the MNFA bands shows that the RGB-521 band combination is the best one for discriminating the different lithologic units of the study area. MNFA band 1 alone provides the best image for tracing the tectonic and structural elements in the study region.



The geologic interpretation of the MNFA RGB-521 image (Figure 6a,b) suggests that undifferentiated Quaternary units are shown in sharp pink with a coarse crystalline texture, while Middle–Upper Miocene continental clastic rocks are in light yellowish-pink, the volcanic and sedimentary units are in greenish-pink, and ophiolitic mélange is in light violet.



The results show that the first four high-order bands principal components and minimum noise fraction analyses (1, 2, 3, and 4) have over 99% of spectral information, and so it is generally accepted that these are widely used for lithological mapping rather than the low-order principal components and minimum noise fraction analysis (5, 6, 7, etc.) that usually contain low signal-to-noise ratios. The principal component and minimum noise higher order give good information about the occurrence of rock types that are dominant in the map image. Therefore, it is sometimes worthwhile to apply a combination of certain lower order analyses that cover some of the information with higher order to detect and highlight some target spectral signatures. In this article, the lowest order MNFA 5 minimum noise in addition to the higher-order MNFA 1st and 2nd minimum fraction noise give a signal to discriminate the dominant rock types in the study area (Figure 6). PCA, ICA, and MNFA are statistics-based, and the results may vary in the same area with different geographic sizes.




5.3. Extracted Structural Map


The tectonic elements were extracted manually from the first MNF band as it reveals the geological structures the best. The Adıyaman fault is the main tectonic element along the study region, which can be precisely traced [1]. Most of the structural lineaments and roads over the Adıyaman fault region were mapped according to the authors in [1,22]. The structures that are mapped in this work are in agreement with the work in [1,22]. Referring to the geological map in [22], the traces of reverse and thrust faults located along the northeastern, northern, and northwestern parts of the region were refined (Figure 7). From the MNFA band 1, it is easy to notice and detect some settlements areas along the fault trace.




5.4. Improvements of the Available Lithological Map


Our new map shows differences in the distribution of some lithological units and boundaries between them compared to the published geological map [35] (Figure 2). The most obvious differences are the discrimination between the Eocene, neritic limestone, Middle–Upper Miocene, continental clastic rocks, and undifferentiated Quaternary units. In the southeastern part, the new map defined the Plio-Quaternary units instead of Eocene neritic limestone (Figure 2 and Figure 8). In the west, the results replaced the Middle–Upper Miocene continental clastic rocks with Upper Cretaceous–Paleocene clastic carbonate rocks (Figure 2 and Figure 8). The resulted images could not detect the contact between the radiolarite with chert clastic rocks units. The appearance of the pelagic limestone is similar to the Middle–Upper Miocene rocks, and thus the paper mapped them as the same continental clastic unit (Figure 2 and Figure 8).





6. Conclusions


In this work, the Landsat OLI data were processed using the principal and independent component analysis and the minimum noise fraction analysis to map the pre- and post-Miocene rocks along the Adıyaman fault zone. The results demonstrate that PCA 134 and 231, ICA 132, and MNFA 521 are the band combinations of the Landsat OLI data that provide the best images for mapping lithologic units and can therefore be used as a time- and cost-effective approach for mapping in tectonically active regions elsewhere in the world. In our study, the morphology of the Adıyaman fault was better revealed by the MNFA band 1. The MNFA 521 band combination appears to be the best combination to map Quaternary alluvial deposits with high accuracy. As can be seen in Figure 2, the new map shows in details the contacts and distribution of undifferentiated Quaternary clastic rocks along the Adıyaman fault compared to the available geological map [22]. The map reveals the presence of offset river channels along the Adıyaman fault at around 38.15° E longitude, where there the river channels do not cross the fault to the north but stop right at the fault line, implying that these channels were recursively offset by the fault, and thus the Adıyaman fault is a Quaternary active fault.



In addition to the refinement of all the boundaries of rock formations, our study revealed various outcrops that are missing in the geological map by Herece [22], particularly in the southern and western parts of the Adıyaman fault zone. Some structures were traced and extrapolated according to regional geology [22] and previous work [1], while some were traced or refined for the first time, such as reverse and overthrust faults. The study confirms that geological surveys in the new outcrops are necessary for verifying what has been observed from satellite images.
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Figure 2. Lithologic map of the Adıyaman fault zone (from [22]). 
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Figure 3. (a) Landsat 8 principal component analysis RGB-134 image. (b) PCA image with lithological polygons. Areas of settlements are defined by yellow polygons. 
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Figure 4. (a) Landsat 8 principal component analysis RGB-231 image. (b) PCA image with lithological polygons. Areas of settlements are defined by yellow polygons. 
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Figure 5. (a) Landsat 8 independent component analysis RGB-132 image. (b) ICA image with lithological polygons. Areas of settlements are defined by yellow polygons. 
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Figure 6. (a) Landsat 8 minimum noise fraction RGB-521 image. (b) MNFA image with lithological polygons. Areas of settlements are defined by yellow polygons. 
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Figure 7. (a) Landsat 8 MNFA band 1; (b) structural map of the study region; (c) structural map layer over MNF band 1. Areas of settlements are defined by yellow polygons. 
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Figure 8. Refined lithological and structural map obtained in this study. Blue circle indicates the region where offset river channels are revealed by the new map. Note the difference between the two maps; in the new map, formation contacts are refined, and some outcrops are found to be missing in the published geology map. Areas of settlements are defined by yellow polygons. 
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